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Abstract 
The electrochemically catalyzed oxygen reduction reaction (ORR) is essential to 
operation of most fuel cells and many types of batteries; oxygen, being prevalent in air, provides 
a costless, ambient, high-energy (1.23 V vs. normal hydrogen electrode) hole source to complete 
the electrochemical redox circuit. Oxygen mass transport and electrochemical overpotential 
losses however represent the largest efficiency losses in conventional polymer electrolyte 
membrane (PEM) fuel cells. Mass transport is limited by the inherent low solubility of oxygen in 
water. This low solubility and diffusivity can be overcome through reduction of electrolyte 
thickness, and by utilizing a thin cell wall of highly a permeable material, such as 
poly(dimethylsiloxane) (PDMS). The well-characterized utility of PDMS in microfluidics as 
well as its stability in a wide array of aqueous electrolytes, proves PDMS an excellent material 
for electrochemical devices. The results presented herein utilize microfluidics to reduce the 
electrolyte thickness (and therefore the thickness of the diffuse layer), and control the thickness 
of the PDMS layer. This in turn allows large, highly controllable and stable ORR currents of a 
direct formic acid fuel cell (DFAFC) in a fully passive, planar form-factor. Lessons learnt from 
this DFAFC study have enabled us to design an in-situ electrochemical X-ray Absorption 
Spectroscopy (XAS) cell for the study of mechanistic details of ORR electrocatalysis on 
platinum, the most commonly utilized ORR cathode material. The large ORR overpotential on Pt 
(~0.33 V loss at onset potential) accounts for the majority of polymer electrolyte membrane 
(PEM) fuel cell efficiency losses, as well as a huge cost that prevents fuel cell economic 
viability.  Maximum ORR activity is correlated to related properties such as d-band center, and 
metal-oxide binding energy and bond distances. These properties are observable through XAS. 
XAS at lower energies, X-ray absorption near edge spectroscopy (XANES) can define d-band 
occupancy changes, related to oxidation states of the metal. XAS at higher energies, extended X-
ray absorption fine structure (EXAFS) can derive bond distances through X-ray interaction with 
backscattered electrons. From these bond distances, bond types may be inferred, as well as 
coordination numbers and degree of bond disorder. The results described herein exploit the high 
oxygen permeability through PDMS in the design of an in-situ electrochemical XAS cell to study 
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the evolution of the Pt electrocatalyst during ORR electrocatalysis. Oxygen is found to adsorb to 
platinum over a wide potential range, causing an ORR current-dependent Pt-Pt bond expansion. 
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1. Fuel Cell Characterization and Operation 
1.1. General Introduction to Electrochemical Energy Storage & Fuel Cells 
Mobile electronic devices such as cell phones, computers, and medical devices make 
electrochemical energy storage increasingly important. Electrochemical power sources have 
advantages over conventional combustion engines in their simplicity, with no moving parts, 
eliminated or reduced poisonous exhaust products, and the ability to circumvent the thermal 
entropic losses associated with classical heat pumps.1, 2 
Batteries and fuel cells convert redox reaction chemical energy directly into electrical 
energy by channeling the electrons through an external electrical circuit.3 The oxidant and 
reductant are spatially separated, and electron transfer occurs at two different materials.3 This is 
unlike nonelectrochemical redox reactions, e.g. combustion, where direct electron transfer occurs 
and heat is released, instead of energy via the electromotive force.3 Batteries and fuel cells 
therefore bypass restrictions imposed by the Carnot cycle, allowing batteries/fuel cells 
theoretically higher efficiencies than conventional combustion engines.2, 3 
 
Figure 1.1: Depiction of a battery or fuel cell. Oxidation occurs at the anode, which produces electrons and positive ions. 
The electrons conduct across a load (R) where the energy is captured electrically. The cations produced at the anode 
conduct through a separator (dashed line), if present, and combine with the cathode material/oxidant and the electrons 
conducted across the load, R. 
For electrochemical systems, the material where oxidation occurs is referred to as the 
anode, and the material where reduction occurs is the cathode (Fig. 1.1).1, 3 These electrodes are 
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kept from electronically shorting spatially and often physically with a separator material (dashed 
line, Fig. 1.1).1, 3, 4 For fuel cells, this separator acts also as a barrier to keep the fuel and oxidant 
from mixing, called crossover; crossover causes depolarization of the cell, resulting in parasitic 
voltages that reduce overall cell voltage.1, 4 The electrons produced at the anode travel across the 
electronic circuit to the cathode, and combine with the oxidant.1, 3, 4 The energy of these electrons 
is captured with a load, depicted as R in Fig. 1.1. To maintain charge neutrality, it is necessary 
that positive ions conduct through the electrolyte but that the electrolyte not conduct electricity, 
which would result in an electronic short.1, 3, 4  
Rechargeable, or secondary batteries, utilize reversible reactions at the anode and 
cathode.3 The electrodes will therefore change function depending on whether galvanostatic 
discharging or electrolytic charging is occurring.3 By convention, the electrodes are referred to as 
their function during discharging, although this changes upon reversal.3 To avoid confusion, the 
cathode and anode are referred to as positive or negative electrodes, designations that will not 
change depending on charging or discharging behavior.3 
Fuel cells are like batteries except that instead of recharging, the fuel and oxidant are 
simply re-added to the system.3 In this matter the electrode materials do not need to be oxidized/ 
reduced directly, but must catalyze the reduction/oxidation of the oxidant/fuel.3 This allows fuel 
cells to operate continuously until the oxidant, e.g. oxygen from air, or the fuel, e.g. hydrogen 
from a tank, become the limiting reagent. This can provide significantly longer operation times 
than batteries, limited by tank size, so fuel cells could theoretically compete with conventional 
stationary power sources, such as fossil fuel combustion power plants that are limited by the 
Carnot cycle.1-4 As fuel cells become miniaturized, and through the use of liquid fuels, they 
increasingly become competitive with batteries, where their continuous operation and 
instantaneous charge (e.g. refill) times are advantageous.3, 5 
1.2. Fuel Cell Operation and Testing 
 A battery or fuel cell’s polarization curve can define the extent of efficiency loss for 
different factors; a typical H2/O2 fuel cell polarization curve is depicted in Fig. 1.2.6 The 
theoretical potential limit, at 1.23 V, is initially reduced by differences from ideal temperature, 
pressure and concentration of fuel/oxidant.4, 6 Immediately, there is a kinetic loss associated with 
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activation energies, called overpotential.1, 4, 6 These activation losses occur at both sides of the 
cell; the cathodic oxygen reduction reaction (ORR) is a much larger source of loss than the 
anodic hydrogen oxidation reaction.4, 7, 8 As the current increases, ohmic losses (iR drop) 
associated with proton and electron conduction dominate.4, 6-8 Eventually as mass transfer 
limitations are reached, concentration polarization losses begin to occur until the fuel/oxidant at 
each electrode is fully depleted.4, 6-8 Polarization curves may be measured by either varying the 
load (R in Fig. 1.1) or by potentiostatically controlling the potential. 1, 9 
 
Figure 1.2: A typical fuel cell polarization curve showing the main loss mechanisms. Springer and the original publisher 
/Mini-Micro Fuel Cells, 2008, pg. 23, Fuel Cell Basic Chemistry, Electrochemistry and Thermodynamics, Frano Barbir, 
Fig. 1, License Number 2970891345653) is given to the publication in which the material was originally published, by 
adding; with kind permission from Springer Science and Business Media.6 
While polarization curves can define loss mechanisms and guide improvements, fuel cells 
generally operate with a constant load, (R in Fig. 1.1). In fact, cycling of fuel cells can result in 
reduced power output due to ripening of the electrocatalyst, so a constant load results in better 
operational stability.10-12 Operation stability of a fuel cell generally is ran at the maximum power 
density found by a polarization curve, operating at a voltage or current density over whatever 
load is necessary to produce that maximum power density.  
1.3. Fuel Cell Form Factors and Design 
While kinetic factors cannot be controlled by cell design, a fuel cell’s form factor impacts 
the mass transfer and ohmic loss regions of Fig. 1.2. A typical polymer electrolyte membrane 
(PEM) fuel cell is depicted in Fig. 1.3.4 The fuel cell works by flowing in hydrogen on the anode 
side, where it is oxidized at the anode, producing two electrons and two protons.4 The protons 
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Figure 1 shows how the cell polarization curve is formed, by subtracting 
the activation polarization losses, ohmic losses and concentration pol-
ariz tion losses from the equilibrium potential. Anode and cathode acti-
vation losses are lumped together, but, as mentioned above, a majority of 
the losses occur on the cathode due to sluggishness of the oxygen reduction 
reaction.  
Figure 1. Voltage losses in fuel cell and resulting polarization curve.3 
3.3. ACTUAL FUEL EFFICIENCY 
As defined above, the fuel cell efficiency is a ratio between useful energy 
output, i.e. electricity produced, and energy input, i.e. hydrogen consumed. 
Of course, both must be in same units, such as Watts or kilowatts. 
 
2H
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W
W K    (29) 
Electricity produced is simply a product between voltage and current. 
 Wel = IV   (30) 
Hydrogen consumed is (according to Faraday’s Law) directly propor-
tional to current: 
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migrate through an ionomer through a Grotthuss “hopping” mechanism; in the case of Nafion, a 
commonly utilized ionomer, the protons hop from one sulfonic acid group to another.13-15 The 
ionomer membrane keeps the H2 and O2 from mixing, which would result in depolarization and 
parasitic losses, as well as a possible fire risk due to the extremely exothermic reaction.4, 6, 8 
These protons combine with oxygen at the cathode, and 4 electrons to form water.4, 6, 8 The 
overall full reaction is: 
2 H2 + O2 à 2 H2O 
 This reaction has the possible benefit of being environmentally friendly, with zero CO2 
produced, depending of course on how the H2 is produced.4, 6, 8 
 
 
Figure 1.3: A typical H2/O2 PEM fuel cell. H2 is oxidized at the anode producing 2 e- and 2 protons. The protons transfer 
across the electrolyte membrane, which combine with oxygen at the cathode and 4 e- to produce water. Copyright 2001 
Wiley. Used with permission from Carrette, L.; Friedrich, K. A.; Stimming, U., "Fuel Cells - Fundamentals and 
Applications." Fuel Cells 2001, 1, 5-39.4 
In order to increase power density, the fuel cell’s conductivity or mass transfer must be 
increased (Fig. 1.1). 4, 6 To increase the conductivity, the electrolyte concentration can be 
increased, the distance between electrodes may be reduced, and the conductivity of the ionomer 
may be increased.1, 4, 6 The ionomer may be completely eliminated if there is another method to 
   5 
 
 
prevent fuel crossover.1, 4, 6 Mass transfer can be influenced by the flowfield design, including 
flow rate, proximity to electrodes and material permeation characteristics.1, 4, 6 
1.4. From Macro to Micro: Miniaturization Benefits, Techniques and Considerations 
As portable electronics become smaller, their power source must also be reduced in 
tandem. Secondary, rechargeable batteries are limited by energy density of their inherent 
electrodes, whereas fuel cells may be recharged by refilling the fuel reservoir.16, 17 As the fuel 
tank becomes larger in comparison to the electrode assembly, the energy density of the fuel cell 
and tank assembly asymptotically approaches that of the fuel, although total power output 
depends on the size of the electrodes in the fuel cell.16, 17 
Direct miniaturization of H2 – O2 fuel cells is impractical due to the volume constraints of 
a gaseous fuel, along other requirements such as water management, gas humidification, and heat 
controls.16-20 Hydrogen is often stored utilizing a metal hydride with temperature controls, but 
this increases the complexity of the device, and passive controls have been attempted with some 
success.18, 20-23 Another option has been direct on-board reformation of liquid fuels to hydrogen, 
but this greatly increases the complexity and size of the device, and lowers overall device 
efficiency due to the inherent fuel to hydrogen conversion losses.17, 24 Direct oxidation of liquid 
fuels has been seen as an attractive alternative to the hydrogen fuel, with methanol, ethanol and 
formic acid receiving the most attention.17, 25-31 Oxidation of organic molecules on platinum 
results in poisoning of the catalyst due to carbon monoxide formation.32, 33 Addition of ruthenium 
or palladium can mitigate poisoning through complete oxidation of the CO, or by preventing its 
formation, respectively.34-37  
Alternative miniature fuel cell form-factors can be utilized to further reduce the size of 
the necessarily small devices, as well as simplify their operation. Air-breathing assembly is a 
necessity to avoid oxygen storage requirements.5, 6, 17 Passive delivery of fuel and water 
management removes bulky pumps.5, 17 Removal of the membrane reduces the size of the device 
and decrease membrane resistance, but fuel crossover can reduce the operating potential of the 
cell, as well as poison the cathode electrocatalyst. Of the membraneless devices, laminar-type 
fuel cells have attracted considerable attention.38-46 While pumping is required for these devices, 
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alkaline electrolyte may be utilized, where the ORR overpotentials are less severe and the 
possibility of non-noble catalysts arises.45 
1.5. Research Summary 
The work detailed in chapter three explores an alternative micro fuel cell form-factor, 
which utilizes a passive, air-breathing, membraneless architecture.47 This work utilizes a liquid 
fuel, based on a previous H2-O2 fuel cell design.47-50 The cell’s thin-film electrodes are fabricated 
utilizing electron beam metal evaporation followed by an electrochemical roughening technique 
that reduces a platinum salt in the presence of lead acetate onto the electrode.47, 48, 50, 51 The anode 
is further metallized through spontaneous deposition of a palladium salt solution, followed by 
electrochemical reduction.47, 50, 52, 53 These palladium adlayers prevent the formation of carbon 
monoxide that results in poisoning of pure platinum electrodes.47, 50, 52, 53 The electrodes are 
interdigitated in bulk poly(dimethyl siloxane) (PDMS) as a planar array, spatially separated to 
prevent fuel crossover.47, 48, 50This electrode array is fully immersed in electrolyte through use of 
a microfluidic channel network—the height of the channels and thickness of the PDMS 
membrane are reduced in order to increase the oxygen flux to the cathode.47, 48, 50 The 
microfluidic network is fabricated through use of a photoresist patterned silicon wafer master, 
utilizing traditional photolithographic and soft lithography techniques.47, 48, 50, 54, 55 This 
microfluidic network, unlike laminar flow type fuel cells, utilizes no pumps and the electrolyte 
remains stagnant.47, 48, 50 The channel height and PDMS membrane thickness control the flux to 
the working electrode by reducing thickness of the stagnant layer; flux is then inversely 
proportional to the thicknesses of these layers dependent on Fick’s law.1, 47, 48, 50 The cathode can 
either be air breathing or oxygen may be flown over the electrode.47, 48, 50 Whereas previous 
devices utilized hydrogen flown over the anode in order to provide fuel, liquid formic acid is 
supplied to the anode by passive permeation through a fuel reservoir or through a saturated 
PDMS plug.47, 48, 50 
Wires are attached to electrode contacts through use of a silver epoxy, over which a load 
can be applied.47, 48, 50 In order to measure polarization curves this load was varied from high 
resistance (resulting in low current and high cell voltage), to low resistance (resulting in high 
current and low cell voltage).47, 48, 50 In order to evaluate the electrochemical processes at 
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individual electrodes, a reference electrode was submerged into the electrolyte reservoirs where 
the microfluidic networks were filled.47, 48, 50 Once the cell was optimized, the cell load was held 
where the highest power density was observed in the polarization curves, and the operational 
stability of the device’s power output was measured over time.47, 48, 50 
Cell parameters including the channel height, PDMS membrane thickness and electrolyte 
concentration were varied, in order to optimize the system.47 Various fuel supply techniques 
were also evaluated. The goal of these experiments was to evaluate the feasibility of this device’s 
form-factor for direct liquid power generation in portable electronics. This goal guided us to find 
that fuel crossover would be a major limitation in the device’s implementation, as well as the low 
power limits inherent in the device’s form factor. 
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2. X-ray Absorption Spectroscopy and Pt ORR Electrocatalysis 
2.1. X-ray absorption spectroscopy (XAS) 
XAS is a spectroscopic method that measures X-ray absorbance and associated 
fluoresence due to promotion of inner core electrons to unoccupied orbitals above the Fermi 
level.1-5 At higher energy, X-ray absorption results in ejection of a photoelectron and XAS signal 
intensity is dependent on X-ray interaction with these back-scattered electrons. The spectroscopy 
involving the lower energy X-ray transitions in called X-ray absorption near-edge structure 
(XANES).  
2.1.1. XANES Edges and their application to the platinum d-band 
Electronic transitions involved in XANES are detailed in Fig. 2.1. XANES energy X-rays 
promote inner core electrons to the highest occupied molecular orbital - lowest unoccupied 
molecular orbital (HOMO-LUMO) band.1, 2, 4 The spectroscopic letter designations of these 
transitions, e.g. K, L, M etc., are dependent on the principal quantum number, n, of the promoted 
electron. For K transitions, n = 1, L transitions, n = 2, M transitions, n = 3, etc. (Fig. 2.1(A)).4, 6 
The number of these spectroscopic transitions, e.g. 3 in L3, reflects the energetic position of these 
atomic electron transitions, with the higher energy transitions receiving the lower number. 4, 6 
The energetic order of these transitions is defined by the total angular momentum quantum 
number, j, of the originating electronic orbital, equal to the absolute value of the sum of the spin 
quantum number, s and the angular momentum quantum number, l:4, 6, 7 𝑗 = 𝑠 + 𝑙   (2.1) 
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Figure 2.1: XANES of Pt. (A) XANES edges, detailing the originating electronic orbitals of the L1, L2 and L3 edges. Solid 
black horizontal lines indicate originating orbitals, made to scale. The letter associated with each transition series (K, L 
and M) are associated with the principal quantum number of the originating electronic orbital. Electronic transitions 
terminate in the Lowest Unoccupied Molecular Orbital (LUMO), the highest energy orbital indicated. (B) LUMO 
orbitals, showing permitted transitions that follow the rules Δl = ± 1 and Δj = 0, ± 1. The positions of the orbitals are 
indicated by solid black lines, positioned in relative energetic order, not to scale. These permitted transitions are 
designated with an arrow terminating at each LUMO orbital. Pt occupancy results in the L1 transition being fully 
occupied in the ground state, resulting in a very small L1 edge. The L2 edge also contains permitted transitions that are 
partially occupied, therefore resulting in a reduced XANES white line intensity. The L3 transition is permitted to the two 
highest energy d-bands, 5d3/2 and 5d5/2, resulting in the largest XANES white line edge that is most flexible to changes in 
d-band occupancy.  
The various spectroscopic transitions in Fig. 2.1 are dependent on the having the 
necessary electron shells. For instance, carbon, which has only 2 occupied electron shells in its 
ground state, will not have a spike in X-ray absorption from the M electron shell, because 
carbon’s ground state does not contain any electrons in the n = 3 electron shell. 1, 2, 4, 5 The 
different absorption edges for platinum and carbon are plotted in Fig. 2.2.8 The mass attenuation 
constant generally decays linearly with the photon energy, until a new adsorption edge occurs, 
which results in a jump in absorption intensity.8 This jump in XANES absorption intensity is 
referred to as the white line or L edge, where L depends on the IUPAC X-ray spectroscopic 
designation described above. 1, 3, 5, 7 The intensity of each edge depends on the availability of 
empty orbitals for permitted electronic transitions to occur.1, 3, 5 Since the density of the HOMO-
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LUMO band is dependent on the oxidation state of the metal, the change in white line intensity, 
referred to as ΔXANES,	  has	  been	  linearly	  related	  to	  the	  oxidation	  state	  of	  the	  metal.9 
 
Figure 2.2: X-ray mass attenuation coefficient vs. energy for platinum and for carbon.8  
Specifically for platinum, the L2 and L3 transitions are important in considering the d-
band vacancies of HOMO-LUMO band Fig (2.1(B)).3 One reason for importance of the L 
transitions can be inferred from Fig. 2.2. At this energy transition, mass attenuation by carbon is 
roughly two orders of magnitude less than that of platinum.8 For this reason of co-attenuation, 
the M edge is not normally utilized for XANES studies of platinum d-band occupancy, although 
transitions involving the HOMO-LUMO band can be observed with the Pt M edge. 3 Unwanted 
attenuation by other elements present in the incident path is especially important when 
considering X-ray attenuation of cell materials, described in a later section. Edge choice is also 
dependent on selection rules: 3  Δ𝑙 =   ±1   Eq. 2.2 ∆𝑗 = 0,±1   Eq. 2.3 
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The selection rule presented in Eq. 2.2 prevents the L1 transition in Pt towards d-orbitals 
(∆𝑙 = 2, forbidden by Eq. 2.2, an s to d transition). For the same reason, the K edge is 
unimportant in the HOMO-LUMO band occupancy for platinum since an s to d transition is 
forbidden.  
Figure 2.3 schematically depicts the L2 and L3 electronic transitions.3 These transitions 
are between the 2 P1/2 and the 2 P3/2 orbitals to the 5 d3/2 and 5 d5/2 orbitals in the conduction 
band, which are permitted by selection rules.3 Selection rules for electronic transitions (Eq. 2.2 
and 2.3) state that electrons in the 2 P1/2 orbital may only transition to 5 d3/2 orbitals, which are 
partially occupied in platinum’s ground state.3 In Pt, because the 5 d3/2 orbitals are partially 
occupied, the white line associated with the L2 transition in Pt is fairly small in comparison to the 
XANES white line intensity associated with the Pt L3 transition.3 The L3 transition includes the 
allowed transitions from 2 P3/2 to 5 d3/2 (∆𝑗 = 0,∆𝑙 = 1, Eq.’s 2.2 and 2.3), as well as to the 5 d5/2 
orbitals (∆𝑗 = 1,∆𝑙 = 1, Eq.’s 2.2 and 2.3). In Pt’s ground state, the 5 d5/2 orbitals are fully 
unoccupied because they are higher in energy than the partially occupied 5 d3/2, so the white line 
absorption for the L3 transition of Pt is much larger than the L2 transition; thus the L3 transition 
best represents the oxidation state of platinum, related to the d-band occupancy.3, 9 In point of 
fact, the integrated intensity, ΔA, of the platinum L3 ΔXANES white line intensity, has been 
shown to be linearly related to the oxidation state of the platinum, Z, by constant C: ∆𝐴 = 𝐶 ∙ 𝑍   Eq. 2.4 
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Figure 2.3: A rough sketch of the L2 and L3 electronic transitions. The energy of the Fermi level, Ef, is depicted with a 
dotted line. The magnitude of the splitting due to spin orbital coupling, ΔESO, is approximated as 0.12 Ry. Reprinted with 
permission from Mansour, A. N.; Cook, J. W.; Sayers, D. E., "Quantitative Technique for the Determination of the 
Number of Unoccupied d-Electron States in a Platinum Catalyst Using the L2,3 X-Ray Absorption-Edge Spectra." J. Phys. 
Chem. 1984, 88, 2330-2334. Copyright 1984 American Chemical Society.3 
For these reasons, to experimentally measure the d-band vacancy of platinum, the 
energies around the L3 Pt edge are convenient. Energies beyond the XANES edges involve the 
interaction of promoted photoelectrons with the incident light, interactions dependent on the 
crystal structure of the analyte including bond distances, coordination number and bond disorder. 
2.1.2.  Extended X-ray Absorption Fine Edge Structure (EXAFS)  
XAS at higher energy than XANES, extended X-ray absorption fine edge structure 
(EXAFS) results in the ejection of electrons, and further interaction of these backscattered 
electrons with the incident X-rays results in an oscillatory absorption signal (Fig. 2.4).1, 2, 4, 5 
These fine structure oscillations can be fitted to a theoretical equation defining bond distances of 
the metal-metal and metal-adsorber pairs, their coordination number, as well as bond length 
disorder, σ2.1, 2 These transitions are depicted in Fig. 2.4(A).  Figure 2.4(B) depicts the three 
regions of an example XAS normalized µ(E) curve. 
Unoccupied d-Electron States in a Platinum Catalyst The Journal of Physical Chemistry, Vol. 88, No. 11, 1984 2331 
0 1000  2000 
ENERGY ( a V 1  
Figure 1. In (Zo/I) is plotted vs. photoelectron energy for a thin (2.5 pm) 
platinum foil (a) and an a-PtO, sample (b). 
spectra for the first time to develop a technique to quantitatively 
extract the number of holes in the d bands of Pt-containing 
materials. The basic theoretical concepts which are required in 
order to account for the experimentally observed L3 X-ray ab- 
sorption edge spectra are reviewed in the next section. The details 
of the method for extracting the number of unoccupied d states 
from the white lines are presented in section I11 and an application 
of the technique to a supported Pt/Si02 catalyst is given in section 
IV. 
11. Theoretical Considerations 
The probability per unit time for a transition from an initial 
state li) to a final state (fl by the action of a perturbation R is 
given by the golden rulelo 
where W = transition probability per unit time, and p(Ef) = the 
density of final states. The perturbation here is an X-ray photon 
(i.e., H’ = A exp(ikr)). In the dipole approximation the transition 
is restricted by the following selection rules: 
AL = f l  
AJ = 0, f l  
where L = the orbital angular momentum quantum number and 
J = the total angular momentum quantum number (J = L f 
Therefore, the L2 X-ray absorption edge makes transitions to 
empty slI2, d3 2, and d5/2 states above the Fermi level. The 
contributions {rom the final s states can be assumed to be neg- 
ligibleZ since the density of s-symmetric final states is normally 
small and spread over a wide energy range, the radial part of the 
dipole transition matrix element for s states is approximately 1 
order of magnitude smaller than that for d states, and the d- 
symmetric portion of the density of final states is large and narrow. 
Furthermore, we assume that no significant hybridization occurs 
and that the major features in the L2,3 X-ray absorption edge 
spectra are explained by single-electron effects in the cases that 
we are studying herea6 Therefore, the L2 X-ray absorption edge 
probes those final states which are characterized by a total angular 
momentum quantum number J = 3/2, while the L3 X-ray ab- 
sorption edge probes those states with total angular momentum 
quantum numbers J = 3 / 2  and J = 5 / 2 .  This is depicted sche- 
matically in Figure 2a. 
To completely understand the observed L2,3 near-edge X-ray 
absorption structure we must also account for the splitting of the 
final d states due to spin-orbit coupling. In a spherically sym- 
metric field, the magnitude of this splitting, E,,, is given by 
= (5/2)Fd 
(10) D. Park, “Introduction to the Quantum Theory“, McGraw-Hill, New 
York, 1974, p 300. 
.I2 R y  
Figure 2. (a) A ro gh sketch of the density of s at s is plotted vs. energy 
for the L, edge, L, edge, and conduction band excluding spin-orbit 
coupling for the conduction band. (b) Same as part a but including 
spin-orbit coupling. 
wh e td = the spin- rbit paramet r for he d states. The d5,2 
states are shifted toward higher energies, while the d3/2 states are 
shifted toward lower energies. Using Herman-Skillman atomic 
wave functions for Pt, Mattheiss and Dietz3 estimated that AEso 
= 0.1 15 Ry. Since this splitting is significant when compared 
with the d bandwidth, 0.6 Ry, it is necessary to separate the total 
d nsity of final states into partial densities corres o d ng to each 
value of the total angul r momentum qu nt m number, J, as 
shown in Figure 2b. 
In addition, the results of a fully relativistic, tight-binding 
energy-band model3 for metallic Pt, using a linear combination 
of atomic orbitals, have shown that in the unoccupied region above 
the Fermi level, the density of final states is characterized pre- 
dominantly by a total angular momentum quantum number of 
J = 5 / 2 .  It is the existence of those unoccupied states with J = 
5/2  that accounts for the occurrence of an enhanced X-ray ab- 
sorption, or white line, at the L3 X-ray absorption edge of metallic 
Pt. This has been verified by experimental  measurement^^^-'^ and 
 calculation^^*^ which indicate that L X-ray absorption edge white 
lines are limited to compounds with unoccupied d states above 
the Fermi energy. 
An exact description of the relationship between the L2 and 
L3 near-edge X-ray absorption structure and the number of d-band 
holes around the absorbing atom depends on many-body effects 
which have been discussed extensively in the literature.I6 Re- 
cently, Materlik et al.” in a study of the L edge absorption spectra 
of rare-earth compounds claimed that a one-electron picture 
describes the white-line and near-edge structure quite well; how- 
ever, there is not a simple relationship between the area under 
the white line and the unoccupied d states because of the strong 
energy dependence of the matrix element. This statement is a 
general conclusion which does not specifically consider the limit 
of an almost filled band discussed by Stern and Rehr.6 The 
relationship developed here is restricted to the case of Pt for which 
the appropriate density of states is that of the initial system. Based 
on these general theoretical ideas, a new technique will be proposed 
(11) J. Veldkamp, Physica, 2, 25 (1935). 
(12) J. A. Bearden and A. F. Burr, Reo. Mod. Phys., 39, 125 (1967). 
(13) B. Nordfors, Ark. Fys., 19, 259 (1961); B. Nordfors and Noreland, 
(14) R. L. Barinskii, Bull. Acad. Sci. USSR, Phys. Ser. (Engl. Transl.), 
(15) L. Z. Azaroff and D. M. Pease, “X-Ray Spectroscopy”, L. V. Azaroff, 
(16) V. I .  Grebennikov, Yu. A. Babanov, and D. B. Sokolov, Phys. Status 
(17) G. Materlik, J. E. Muller, and J. W. Wilkins, Phys. Reu. Lett., 50, 
ibid., 20, 1 (1969). 
25, 958 (1940). 
Ed., McGraw-Hill, New York, 1974. 
Solidi B, 80, 73 (1977). 
267 (1983). 
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Figure 2.4: Depiction of electronic transitions and interactions of incident photons with backscattered photoelectrons in 
EXAFS. (A) Edge absorption and the photoelectron effect, which results in the ejection of an electron from the absorbing 
atom. (B) The three different regions of XAS. The pre-edge is the region lower in energy, before XANES. The XANES 
region includes the edge and ~50 eV past the edge. The EXAFS region involves the next ~1000 eV and larger, where 
destructive and constructive interference of light with backscattered photoelectrons results in an oscillatory signal 
dependent on the position and regularity of the analyte. 2 
2.2. The ORR and d-band 
The Sabatier principle states that the efficiency of heterogeneous catalysis is dependent 
on the adsorption and desorption energies of the reactants and products.10 For electrochemical 
catalysis of ORR, this results in site normalized ORR activity centered around related properties 
such as the adsorption energy of oxygen, d-band center, and Pt-O bond strengths and 
distances.11-20 This d-band model has been successfully applied to catalyst design.21, 22 These 
studies, both ab initio and experimental, have focused on the Pt-O bond, maintaining static Pt-Pt 
bond character during ORR.11-20 X-ray absorption spectroscopy (XAS) provides an experimental 
method for measuring these d-band model properties directly (vide supra).1-3, 9, 23, 24  
2.3. X-ray characterization techniques for electrocatalysts: XAS Cell Design and 
MicroCT 
X-ray attenuation, dI, depends on the mass attenuation constant of the material, μ(E), the 
path length of the material, dx, and the intensity of incoming light, I,:8 𝑑𝐼 = −𝐼 ∙ 𝜇(𝐸) ∙ 𝑑𝑥    (2.1) 
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This mass dependent attenuation places some restrictions on the design rules of the in-
situ electrochemical XAS cells (E-chem XAS cells); the materials utilized must not significantly 
attenuate the X-ray beam or the signal-to-noise ratio of the XAS signal will be too low.25-27 
Figure 2.5 depicts a commonly utilized style of E-chem XAS cells.25 In order to keep the 
working and counter electrodes from shorting, Nafion or filter paper is often placed between the 
electrodes, separators that conduct protons if sufficiently wetted but do not electrically conduct, 
within the necessary potential ranges.23, 25, 28-30 A reference electrode is normally placed in an 
electrolyte reservoir or in the chamber containing the working electrode.25, 28-31 The style of cell 
utilizes in Fig. 2.5 utilizes a metal counter electrode placed outside of the beam.25 Other styles 
have also utilized carbon-paper style counter electrodes, which do not significantly attenuate the 
beam due to the low Z.32 
When depositing catalyst on carbon paper electrodes, a catalyst ink is normally painted or 
air-brush deposited.33-36 The catalyst ink normally consists of catalyst on carbon black dissolved 
in isopropyl alcohol with a Nafion binder that was sonicated into a slurry.33-36 When depositing 
via air-brush, some catalyst overspray occurs as well as catalyst loss to the air, and the total mass 
transferred to the carbon paper gas diffusion electrode is less than the amount in the catalyst ink 
transferred to the air-brush.33, 34, 36 X-ray microtomography (MicroCT) is a powerful technique 
can be utilized to measure the total amount of catalyst loss (vide infra).36, 37 
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Figure 2.5 A depiction of a commonly utilized style E-chem XAS cell. Reprinted with permission from Herron, M. E.; 
Doyle, S. E.; Roberts, K. J.; Robinson, J.; Walsh, F. C., "Instrumentation And Cell Design For Insitu Studies Of 
Electrode Surfaces Using X-Ray Synchrotron Radiation." Rev. Sci. Instrum. 1992, 63, 950-955. Copyright 1992, American 
Institute of Physics.25 
MicroCT uses a series of rotated X-ray absorption images to computationally render 
three-dimensional images of samples.38 These 3D images have voxel (volumetric pixels) 
resolutions down to ~1 μm	  and	  can	  accommodate	  sample	  sizes	  on	  the	  order	  of	  centimeters.38 
Figure 2.6 depicts a single MicroCT image of an electrode with Pt/C catalyst deposited onto 
carbon paper and a pellet of the Pt/C of a known mass used as a standard. Because the absorption 
of the carbon is much lower than platinum at the energies of the X-rays (Fig. 2.2), the catalyst is 
the predominate absorber. The grey scale signal, S, with microCT is proportional to the mass of 
the sample, m, over the area the sample occupies, A: 𝑆 ∝ 𝑚/𝐴   (2.2) 
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V. A REFLECTION MODE EXAFS OF THE 
UNDERPOTENTIAL DEPOSITION UPD OF LEAD ON 
SILVER (STATION 9.3) 
UPD of Pb on Ag occurs over a potential range that is 
positive of the expected thermodyn mic potential for bulk 
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FIG. 5. Fourier transformed k’ transmission EXAFS spectra of PVC 
electrodes in 1-M H2S04. The data were taken at the Pt L, edge and show 
the decreasing metallic (Pt) character and increasing oxide character as 
a function of electrode potential. 
953 Rev. Sci. Instrum., Vol. 63, No. 1, January 1992 
electrodeposition. A major advantage of this technique is 
that the surface coverage can be carefully controlled; and a 
stable monolayer of Pb may be formed. In situ, grazing 
incidence XRD data25 and EXAFS spectraz6 collected at 
the Pb L, edge have been obtained for Pb monolayers on 
Ag( 111) electrodes. The present work details recent stud- 
ies oncerning UPD of Pb on a lOOO-A-thick polycrystal- 
line Ag film evaporated onto a glass microscope slide. In 
situ, glancing angle, fluorescence detected EXAFS spectra 
were obtained at the Ag K edge on the Materials Science 
Station 9.327 using the purpose-built glancing angle EX- 
AFS facility2’ together with the beam configuration shown 
in Fig. 1 (c) and the electrochemical cell shown in Fig. 6. 
The essential features of this cell include: 
(a) A large area (2.5 x7.0 cm) WE electrode surface 
which reduces alignment problems and ensures that the 
x-ray beam always impinges on the Ag electrode surface 
during angular EXAFS scans obtained at glancing angles. 
(b) A flat WE electrode surface. This means that re- 
flectivity curves can be measured and that bevelled edges 
do not cause problems; the reflectivity studies restrict 
EXAFS information to a penetration depth of -30 A. 
(c) An Ag wire contact to the WE. 
(d) A syringe which allows the electrolyte film thick- 
ness to be increased/reduced during Pb UPD/removal and 
EXAFS data collection. 
(e) A large window so that a fluorescence signal can 
be detected. 
Current vs potential measurements obtained in a solu- 
tion containing 0.5-M sodium acetate, 5-mM lead acetate, 
and 0.01-M acetic acid electrolyte at 20°C (not shown), 
were used to assess the electrochemical performance of the 
Synchrotron radiation 953 
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Figure 2.6: A microCT image of an Pt/C on carbon cloth electrode (rectangular, lighter gray) and the pellet with known 
mass (dark, broken on one side), used as a standard. The carbon fibers where catalyst has been deposited are visible in a 
patchwork pattern consistent with the form of the carbon cloth. 
Equation 2.3 can be used to compare air-brush deposited catalyst on carbon paper/cloth 
electrodes pictured in Fig. 2.6 to standard pellets of the catalyst, in order to calculate the 
approximate mass of the catalyst deposited onto the carbon/paper or cloth. Figure 2.7 depicts the 
mass of catalyst on four Pt/C on gas diffusion electrodes derived from microCT verse the mass 
measured gravimetrically. The linear relationship of Eq. 2.3 is observed in Fig. 2.7. 
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Figure 2.7: MicroCT derived masses (Eq. 2.7) and gravimetric derived masses of Pt/C electrocatalyst deposited onto a 
series of carbon paper electrodes. The line presented (y = x) is for comparison to an ideal case. 
2.4. Summary of Research 
E-chem XAS had been utilized for Pt and its alloys, showing an increase of the d-band 
vacancy with potential. 14, 28, 39-46 These studies have been limited to essentially oxygen depleted 
environments or high potentials with low or nonexistent ORR currents; E-chem XAS studies of 
ORR have had limited success due to poor oxygen mass transfer. 47 X-ray attenuation 
constrained cell volume, and poor window choice resulted in low O2 flux to the working 
electrode (WE).24, 25, 47 Some E-chem XAS cells have utilized electrolyte flow to increase mass 
transfer, but this has flow remained too small or generated unstable currents.31, 48, 49 Polymer 
electrolyte membrane fuel cell style cells have been utilized, but uneven wetting results in mixed 
signals that obfuscate the results.26 
Our work has utilized our previous experience employing the high solubility of oxygen in 
PDMS and the considerable functionalities of soft lithography to fabricate a microstructured 
pouch capable of delivering high dioxygen flux to the platinum working electrode during XAS 
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data acquisition.37, 50, 51 The cell design permits continuous adjustment of the oxygen partial 
pressure over the working electrode, with high steady-state currents sustained through the long 
periods necessary for XAS data acquisition. Results utilizing this cell design have shown here-to-
fore unobserved evolution of the Pt electronic structure, as well as an oxygen induced Pt-Pt bond 
expansion. Computational experiments of ORR on platinum have always maintained static Pt-Pt 
bonds.11-16 Through use of a model nanoparticle, maximum and minimum Pt-Pt bond expansion 
values are derived and given for future computational experiments. 
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3. Optimization of a Permeation-Based Microfluidic Direct Formic Acid Fuel Cell 
(DFAFC) 
The results presented in this chapter have previously been published with minor 
modifications from Erickson,	   E.	   M.;	   Mitrovski,	   S.	   M.;	   Gewirth,	   A.	   A.;	   Nuzzo,	   R.	   G.,	  "Optimization	   of	   a	   permeation-­‐based	   microfluidic	   direct	   formic	   acid	   fuel	   cell	   (DFAFC)."	  
Electrophoresis	   2011,	   32,	   947-­‐956.	   Copyright	   2011	   Wiley.	   Used	   with	   permission	   from	  Erickson,	  E.	  M.;	  Mitrovski,	  S.	  M.;	  Gewirth,	  A.	  A.;	  Nuzzo,	  R.	  G.,	  "Optimization	  of	  a	  permeation-­‐based	  microfluidic	  direct	  formic	  acid	  fuel	  cell	  (DFAFC)."	  Electrophoresis,	  Wiley. 
3.1. Abstract 
A design for a passive, air-breathing microfluidic fuel cell utilizing formic acid (FA) as a 
fuel is described and its performance characterized. The fuel cell integrates high surface area 
platinum (cathode) and palladium-platinum (anode) alloy electrodes within a PDMS microfluidic 
network that keeps them fully immersed in a liquid electrolyte. The polymer network that 
comprises the device serves also as a self-supporting membrane through which formic acid and 
oxygen are supplied to the alloy anode and cathode, respectively, by passive permeation from 
external sources. The cell is based on a planar form-factor and in its operation exploits formic 
acid concentration gradients that form across the PDMS membrane. These latter gradients allow 
the device to operate stably, producing a nearly constant limiting power density of ~0.2 
mW/cm2, without driven laminar flow of fluids or the incorporation of an in-channel separator 
between the anodic and the cathodic compartments. The power output of this elementary device 
in air is subject to electrolyte mass transport impacts, which can be reduced for a given design 
rule by decreasing the internal ohmic resistance of the cell. The results suggest that operational 
stability can be improved by decreasing the kinetic losses imposed on the cathode side of the cell 
due to FA crossover and modalities for doing so, such as by increasing the efficiency of fuel 
capture at the anode. 
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3.2. Introduction 
To enable improved performance characteristics in both current and future high-
performance microelectronic and microelectromechanical systems, there exists a crucial need to 
develop compact and high-efficiency micro power sources.1-4 While micro-fuel cells offer 
considerable potential for providing higher operating lifetimes and durability compared to 
batteries, the miniaturization of conventional fuel cell stack technologies to dimensions 
comparable to the portable power sources that are currently used (e.g. lithium-ion batteries) has 
proven to be extremely challenging.5-7 For example, current materials technology is impractical 
for miniaturization of hydrogen storage systems, necessary for hydrogen micro fuel cells.8 As a 
result, micro-fuel cells using liquid fuels such as methanol and formic acid (FA) have attracted 
considerable attention in research.9-18 Miniaturized direct methanol (DMFC) or direct formic acid 
fuel cells (DFAFC) are often constructed using the conventional technologies of their macro 
counterparts.12, 19, 20 These systems, however, are both complex and limited in their performance, 
which imposes challenges for their microfabrication and integration, and increases both the 
weight and the final cost of the device.2, 21, 22 The DMFCs for example, suffer from slow 
oxidation kinetics as well as the permeability of the polymer membrane (e.g. Nafion) to 
methanol, resulting in a crossover current that leads to a depolarizing effect and a reduction in 
fuel utilization.23-25 The slow oxidation kinetics and parasitic crossover current may be obviated 
by increasing the temperature. This, in turn, necessitates the integration of temperature control 
systems as well as system controls associated with water management and fuel/CO2 separation at 
the exhaust, increasing the complexity of a necessarily small device.2  Another method to reduce 
the extent of crossover would be using a diluted fuel feed (as opposed to pure) but this adversely 
impacts the maximum voltage and current density that can be obtained from the device.  
Using other fuels such as formic acid in polymer electrolyte membrane based fuel cells 
has been shown to be an attractive alternative to methanol, since the acid exhibits less crossover 
through the Nafion membrane. This allows higher concentrations to be fed to the anode, which 
partially compensates for the lower current densities that DFAFCs would otherwise deliver.26 It 
has been reported, for example, that an air-breathing miniature DFAFC using 10 M HCOOH as a 
fuel can produce current densities as high as 250 mA/cm2 and deliver maximum power density 
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of ~30 mW/cm2.12 The lifetime of the system appears limited, however, to operation cycles that 
last only several hours. The major challenge in ensuring the stable operation of the device over 
prolonged times, as described in this report, appears to be one associated with the requirements 
of the water management system. Integrating the latter brings advantages in terms of the 
operating lifetime but also significantly adds to the complexity of the micro-DFAFC system. The 
advantages realized, though, can be quite substantial as a passive micro-DMFC system 
incorporating a water management system was shown to produce maximum current densities of 
65 mA/cm2 and a power density of 12.5 mW/cm2 for over 900 h of continuous operation.27 
We recently reported a passive design for a microfluidic hydrogen-air fuel cell that does 
not require the use of pumps or a water management system in order to provide a stable power 
output for over 100 days.28 The device is very simple in design and incorporates a planar 
arrangement of electrodes that are fully immersed in a liquid electrolyte contained in PDMS-
based microfluidic channels. It operates in an entirely passive regime, while the polymer of 
which it is comprised acts as both a separator membrane for the reagent feeds and a permeation-
based water management system. 
The work described here was motivated by our desire to explore the utility of the latter 
design for operation using a liquid fuel, one that would satisfy the necessary requirement for 
facile permeation through PDMS while potentially providing operating characteristics surpassing 
the diffusion-limited current densities observed with the hydrogen-air system. In point of fact, 
this criterion is well met by formic acid, which can permeate through PDMS at rates that, if 
efficiently captured at the anode, could sustain current densities as high as ~48 mA/cm2.29 The 
latter value is an estimate for the cell design rules adopted in this work using permeation-rates of 
HCOOH through PDMS and assumes 100% capture efficiency at the anode with no diffusion 
limitations on the cathode side of the fuel cell. We demonstrate in this work that with the use of 
an appropriate anode catalyst, the oxidation of formic acid proceeds sufficiently rapid to allow 
sustained operation in a fully passive transport regime. We envisioned that this device could 
further operate in a fully passive air-breathing mode that in turn would negate requirements for 
the active control of temperature, humidity, and activity of the fuel. The work described here 
reports on our preliminary investigations toward this end, exploring both the potential of such 
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passive, permeation-based DFAFC systems and the critical micro-electrochemical device design 
rules that govern its performance. 
3.3. Materials and Methods 
3.3.1. Fabrication of the Thin-Film Electrodes 
Electrode fabrication is detailed in our previous work.28 Briefly, the thin-film electrodes 
were obtained by electron-beam deposition of a 15 nm Ti adhesion layer, followed by 100 nm Pt 
layer onto a glass slide while maintaining a vacuum of ~2×10−7 mbar. A rectangular section of 
the Pt film (0.75 × 3) mm was electrochemically platinized at −0.5 V (Ag/AgCl) for 30 s in a 3 
%wt. H2PtCl6·6 H2O (Aldrich) + 0.03 % Pb-acetate (Aldrich) solution in water to yield porous 
electrodes with a roughness factor of RF ~50. We report current and power densities for the 
DFAFCs using the geometric surface area of the electrode that is in contact with the liquid 
electrolyte, a scaling that better represents the planar trans-membrane-dependent fluxes of 
oxygen and fuel, as described in detail in previous reports.28, 30 Following the deposition, the 
electrodes were thoroughly rinsed with milli-Q water and electrochemically cleaned by potential 
cycling from −0.225 to 1.25 V (Ag/AgCl) at 5 mV/s in 0.5 M H2SO4 solution. The roughness 
factors of the platinized electrodes were calculated from the electrical charge of the hydrogen 
desorption in the range from −0.2-0.2 V. The experiments were performed in a conventional 
three-compartment electrochemical cell, using a Pt-wire auxiliary electrode (AE) and an 
Ag/AgCl reference electrode (RE). 
3.3.2. Electrochemical Preparation of the Anode  
The Pd/Pt anode was obtained by spontaneous deposition of Pd on the platinum-black 
template from a 5 mM PdCl2 (Sigma-Aldrich) solution in 0.1 M H2SO4 by a procedure described 
elsewhere 31. Two successive imersions of the electrode in PdCl2 solution were carried out to 
yield a Pd/Pt anode with 16-18 % Pd coverage, determined by X-ray photoelectron spectroscopy.  
3.3.3. Fabrication of the Microfluidic Device 
The details of the fabrication procedures used to construct the device have been reported 
elsewhere.28 In brief, we fabricated the microfluidic channel layer of the device (Fig. 3.1A) using 
conventional soft lithography mastering/molding techniques as described in an earlier report.32 
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Figure 3.1A shows a 3-D view of the channel layer, with the microchannel network depicted in 
green to better illustrate the system. A schematic of representative cross-sections is also shown in 
the Figure 3.1A. In this work the channel widths, separations and heights were varied to study 
the effect of device design rules on the operational characteristics of the fuel cell; the example 
shown in Figure 3.1A consists of 8 parallel channels 200 µm wide, 200 µm apart, and 70 µm tall, 
characteristic of the optimized device dimensions adapted in previous studies using hydrogen as 
a fuel.28, 30 The network of channels was connected by two intersecting bus channels equally 
wide and high (200 µm), separated by 2 cm. Holes used to fill the microfluidic channels with 
liquid electrolyte were punched with a biopsy punch at the ends of the intersecting channels. 
Channels were filled using the channel outgas technique.33  
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Figure 3.1: Schematic representation of the various layers comprising the DFAFC. (A) A microchannel network 
consisting of 2 intersecting channels for electrolyte feed, and 8 parallel channels over the electrodes (length × width (w) × 
separation (s) × height (h) =  2 cm × (200 × 200 × 70) µm). A cross section of the channels system is presented. (B) Anode 
(a) and cathode (c) embedded in PDMS.  The closest rectangles (0.75 × 3) mm represent the active parts of the electrodes.   
(C)  An assembly obtained by conformal sealing of parts under (A) and (B). Once filled, the microfluidic network 
connects both the anode and cathode so current may flow through the solution. (D)  Assembled fuel cell with the extension 
reservoirs for the two reference electrodes.  The gray tube over the anode depicts a metal pipe embedded in PDMS for 
formic acid fuel delivery. 
The height of the microfluidic channels was varied by replicating four 
photolithographically fabricated masters of different design rules (channel heights of 15, 40, 68 
and 82 µm; 50 µm wide with 50 µm separation). The thickness of the upper PDMS stamps 
(which serves as the membrane mediating passive transport of both the FA fuel to the anode and 
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oxygen from the air to the cathode) used in this study were varied from 1.2 mm to 0.35 mm, to 
study permeation dependences on PDMS thickness. The PDMS thickness was controlled by 
curing the membrane between a flat polycarbonate sheet and the Si master, the height controlled 
with machined Teflon pillars, as described in a previous paper.34 For thinner PDMS stencil 
heights (0.35 mm), its thickness was controlled by spin coating PDMS prepolymer onto the 
master at 1000 rpm for 30 s, followed by baking at 70 °C for 30 min, and repeated for a total of 
four times. This lead to PDMS thickness of 0.35 mm, as determined with a caliper. 
The glass supported electrodes are embedded in a planarizing PDMS support. To do so, 
the separate glass slides bearing the anode and cathode were placed 1 cm apart face-down on a 
PDMS flat. The assembly’s exposed surfaces were made hydrophobic by exposing it to 
tridecafluoro-1,1,2,2-tetrahydrooctyl trichlorosilane (Gelest) at room temperature for ~30 
minutes. This hydrophobic interface prevented the irreversible adhesion of a second PDMS layer 
to the assembly which was poured as prepolymer, then cured at 70 ºC for 2 h, leaving the 
cathode and anode embedded between the two layers. The assembly was cut out of the PDMS, 
turned over and placed on a glass slide, the electrodes facing up. The top layer was carefully 
peeled off, exposing the electrodes embedded and planarized in a PDMS slab, as depicted in Fig. 
3.1B. 
The upper microfluidic PDMS layer was placed in conformal contact to the bottom 
electrode layer as illustrated in Figure 3.1C. Electrical contacts with the electrodes were made by 
bonding a thin Pt wire (0.5 mm dia) with silver-epoxy resin (Epoxy Technologies E4110) to the 
electrodes’ contact pads. The entire assembly was placed in an oven at 135 °C and left ~1 hr for 
curing.  
The biopsy punch holes in the upper microfluidic channel network were used to supply 
electrolyte to the cell using the submerged channel outgas technique.35 Electrolyte reservoirs 
(diameter ≈ 5 mm, height ≈ 5 mm) were fabricated with a biopsy punch and cut from a PDMS 
flat, placing them on top of bus holes to serve as containers for the electrolyte as well as an 
access point for “no-leak” Ag/AgCl reference electrodes (REs) (Cypress Systems 66EE-009). 
The “no-leak” quality of these electrodes limits the adverse effects of chloride adsorption, which 
is problematic for platinum electrodes.  
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Formic acid was supplied to the anode using two model passive fuel delivery systems. 
The first utilized a fuel-saturated PDMS block that had been submerged in formic acid, placing it 
over the PDMS membrane directly above the anode (as schematically depicted in Figure 3.2A). 
The fuel supplied by a PDMS block that had been fully immersed in FA for 24 hours needed to 
be replaced every ~6 hours to replenish FA supply for an operating cell. In the second fuel 
delivery method, formic acid was supplied from a filled 3 mm diameter metal pipe that in turn 
was partially embedded in a cured PDMS plug, as shown in Figure 3.1D. This fuel delivery 
reservoir, which has a larger storage capacity, was positioned on the PDMS membrane directly 
above the anode, as schematically depicted by the cube and silver tube in Figure 3.1D. Using a 
reservoir mitigates losses via evaporation of the fuel, while allowing for refilling of the fuel. CO2 
produced from oxidized fuel outgasses either through the open electrolyte reservoir, or across the 
PDMS membrane, which has a CO2 permeability nearly 5 times larger than that with O2. 
3.3.4. Electrochemical Measurements 
Polarization curves were generated by connecting the electrodes electrically to a decade 
resistor and varying the external load from 1 to 999 kΩ. Figure 3.2B shows the electrical circuit 
used for the latter measurement. Voltage V1 depicts the potential of the anode, while V2 refers to 
potential of the cathode with respect to Ag/AgCl reference electrodes (RE1 and RE2) or to gold 
wire psuedo-reference electrodes. For all experiments except for the case of Fig. 3.3 & 3.4, the 
output voltage of the fuel cell was measured directly with a voltmeter (V3 in Fig. 3.2B), and the 
current measured with an ammeter. For the data in Fig. 3.3 & 3.4, the output voltage (V3 in Fig. 
3.2B) was calculated from the difference between the cathode and the anode potentials, and the 
current was calculated from the ratio of V3 and the external load R. For reasons noted above, the 
geometric surface areas of the electrode in contact with the electrolyte were used for calculations 
and data reporting (0.0120 cm2 for the 70 µm high channels, 0.01125 cm2 for the 82 µm, 68 µm, 
40 µm and 15 µm high channels). 
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Figure 3.2: (A) Depiction of the device using Au psuedo reference electrodes and a formic acid saturated PDMS plug over 
the anode to supply fuel.  (B) Schematic depiction of the electrical circuit used for the electrochemical measurements.  V1 
represents the voltage measured between the Au psuedo reference electrode (RE1) and the anode. V2 represents the 
voltage measured between the Au psuedo reference electrode (RE2) and the cathode.  V3 is a voltage measured across the 
external resistor R. 
3.4. Results and Discussion 
In this work, we employ a high surface area Pt thin film cathode in conjunction with a 
high surface area Pd-Pt thin film anode similar in structure and composition to an electrode 
system used by us for a passive hydrogen-air fuel cell.28 Earlier work shows that this alloy 
system is not affected by CO poisoning.36 
3.4.1. Polarization Characteristics and Operational Stability 
Figures 3.3 and 3.4 present the polarization characteristics and operational stability of the 
device utilizing the design dimensions adopted from previous studies.28, 30 The PDMS membrane 
was 1.2 mm thick, with 8 microchannels that were 200 µm wide, separated by 200 µm and 70 
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µm high (Fig. 3.1A inset).28, 30 Fuel was delivered via a PDMS block saturated in formic acid, as 
depicted in Figure 3.2A. A 0.5 M H2SO4 solution was used as an electrolyte; H2SO4 has been 
shown to be slightly detrimental to oxygen reduction catalysis on platinum due to adsorption, but 
was chosen to provide continuity for comparisons to previous studies.28, 30, 37, 38  
 
Figure 3.3: (A) “Potentials” of the anode and cathode vs. a Au pseudo-reference electrode, operated in air breathing 
mode, with 0.5 M H2SO4 electrolyte, 0.080 cm2 electrode area, 70 µm x 200 µm x 200 µm x 1.2 mm (channel height x 
channel thickness x channel separation x PDMS thickness), using a PDMS plug saturated with formic acid to supply fuel. 
At higher current densities, the cathode shows limitation by oxygen diffusion, whereas sufficient fuel is delivered to the 
anode for these current densities. (B) The resulting polarization curve of the cell calculated from the difference of the 
cathode and anode potentials. Closed symbols represent the forward scan, while open symbols represent the reverse scan. 
Figure 3.3 presents the polarization curves measured separately for the anode and cathode 
versus an Au psuedo-reference electrode. The data in Figure 3.3A clearly show that, for these 
specific design rules, the operational characteristics of the fuel cell are determined primarily by 
the behavior of the cathode. The cathode is affected by oxygen mass transfer diffusion 
limitations, whereas the linear reduction in anode potential is indicative of internal ohmic 
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resistance losses. An absence of an observed mass transfer limit for the anode suggests an excess 
of formic acid, which would result in passive fuel crossover to the cathode. The overall 
polarization curve calculated from the difference of the cathode and anode potentials is presented 
in Fig. 3.3B. 
 
Figure 3.4: Variation of the anode and cathode “potentials” vs Au psuedo reference electrodes with time of DFAFC 
operation.  The data were taken at a constant external load of R = 20 kΩ using the electrical circuit in Figure 3.2.  The 
measurements were performed in 0.5 M H2SO4 in air breathing mode. Once the fuel is supplied to the anode (t = 0), there 
is a sharp drop in both potentials resulting from fuel crossover (t < 1 h). The cell operates stably (2 h < t < 7 h) until the 
PDMS plug supplying the formic acid is purged of fuel (t > ~7 h).  
To investigate fuel crossover during operation, the potential of the anode and cathode 
were measured independently using Ag wire psuedo-reference electrodes (Fig. 3.4). An external 
load of 20 kΩ was utilized because it provided the highest power density for this device form 
factor. The data in Figure 3.4 were taken immediately when the formic acid saturated PDMS 
plug was placed over the anode. At first there is a sharp decrease of potential at both the anode 
and cathode, suggesting rapid formic acid crossover. A cartoon illustrating the distribution of 
HCOOH within the device during this initial period is depicted in the figure. After ~2 hrs 
operating in these non-stationary conditions, the potential at the cathode rapidly increases, 
suggesting a decrease in parasitic voltages from FA crossover, likely due to slowly diminishing 
formic acid diffusion from the PDMS plug. After this initial period the oxygen flux to the 
cathode is sufficient to fully match the formic acid flux localized at the anode, diminishing 
crossover effects. The diminished HCOOH flux necessitates less O2 for full oxidation, allowing 
for accumulation of oxygen which causes increased cathodic potentials, albeit with increased 
anode potentials due to less formic acid presence (2 h < t < 7 h). The slowly increasing anodic 
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potential supports a model of slowly decreasing formic acid flux from the PDMS plug, as current 
is proportional to potential in a direct current system with a constant load. During the time period 
2 h < t < ~7 h the device operates most “stably”, delivering a nearly constant power output of 
~0.2 mW/cm2. After this period, the potentials of both the anode and cathode increase rapidly to 
formic acid free values. This latter period corresponds to the point where the PDMS plug has lost 
its initial charge of formic acid via evaporation to the ambient. 
3.4.2. Operational Stability of the Device Using Multiple Plugs 
The operational stability of the device with the same form factor as used to obtain the 
data presented in Figs. 3.3 & 3.4 was measured over multiple plug replacements (Fig. 3.5). This 
method suitably delivers formic acid allowing for stable operation over ~ 18 hrs. This system 
must however utilize replacement of the PDMS block every ~6 hours to ensure fuel delivery 
(Fig. 3.5). Stable output of ~0.2 mW/cm2 was observed for ~18 hours, with only slight decrease 
in performance, presumably due to formic acid crossover and resultant cathode poisoning. In 
Figure 3.5A, a drop of cell potential at t ~ 3 h suggests that plug initially supplied more formic 
acid than oxygen flux to the cathode could sustain, but quickly diminishes to a point where the 
oxygen flux is sufficient, similar to the case in Figure 3.4. The device operates stably over the 
next PDMS plug (Fig. 3.5B). By the third plug (Fig. 3.5C), the effects of incomplete fuel capture 
at the anode cause poisoning of the cathode and corresponding cell potential reduction. 
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Figure 3.5: Operation of the DFAFC under a constant load of R = 20 kΩ measured in three consecutive cycles in 0.5 M 
H2SO4, 0.080 cm2 electrode area, 70 µm x 200 µm x 200 µm x 1.2 mm (channel height x channel thickness x channel 
separation x PDMS thickness) using PDMS cubes saturated with formic acid. The cell operated in an air-breathing mode.  
Between cycles the PDMS slab was exchanged with a freshly saturated one. 
3.4.3. Cell Dependence on Channel Height  
The PDMS membrane thickness and channel height of the microfluidic network in Figure 
3.1B were altered to investigate how they could affect passive oxygen flux to the cathode. Figure 
3.6 reveals the performance effects based on the channel height design rule all while operating 
under an air atmosphere. Varying the channel height (other design parameters being kept 
constant) reveals that increasing the height of the microfluidic channels causes a decrease in the 
diffusion limited current densities for channels that are higher than 40 µm. Under these 
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conditions, the device’s power output is limited by oxygen diffusion through the PDMS 
membrane. Figure 3.6C shows the plot of the diffusion-limited current densities (at the lowest 
load, 1 kΩ) as a function of channel height. These data clearly illustrate that the maximum 
obtainable current densities are independent of the height of the microfluidic channels if their 
height is <40 µm. Under these conditions, the device’s performance is primarily governed by the 
internal ohmic resistance of the fuel cell, as evidenced by the fact that no diffusion-limited 
plateau is seen for devices with 15 and 40 µm high channels. To further increase the limiting 
current density of the cell, the cells’ internal resistance must be reduced, a method for which is 
discussed in a later section. 
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Figure 3.6: (A) The polarization and (B) corresponding power density curves of a DFAFC with 82 µm, 68 µm, 40 µm and 
15 µm channel heights using 0.5 M H2SO4 electrolyte operating in air-breathing mode with PDMS thickness of 0.35 mm. 
Closed symbols represent the forward scan, while open symbols represent the reverse scan. (C) Channel height vs. 
limiting current density of each cell, chosen to be the current density at the lowest load (1 kΩ). 
3.4.4. Cell Dependence on PDMS Membrane Thickness 
To monitor the effect of PDMS membrane thickness on the operation of the device, the 
channel height was maintained at 15 µm while the thickness of the overlaying PDMS membrane 
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was varied. The data in Fig. 3.5 show that this channel height is sufficiently small to not cause 
oxygen mass transfer limitations. Figures 3.7A & 3.7B show that by increasing the PDMS 
thickness, the limiting current density was lowered due to less efficient oxygen permeation to the 
cathode. Figure 3.7C presents the plot of the limiting current density versus the PDMS 
membrane thickness. The figure suggests that resistance to oxygen diffusion controls current 
density, which is inverse to PDMS membrane thickness.29 This trend is similar to the one 
observed with the oxygen reduction reaction obtained with a similar permeation-based 
microfluidic device.32 
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Figure 3.7: (A) The polarization and (B) corresponding power density curves of DFAFCs with 15 µm high channels using 
0.5 M H2SO4 electrolyte and operating in an air-breathing mode, with varying PDMS membrane thickness indicated. 
Closed symbols represent the forward scan, while open symbols represent the reverse scan.  (C) Limiting current density 
(current density at 1 kΩ) versus PDMS membrane thickness of the 15 µm high channel DFAFC. 
3.4.5. Cell Dependence on Electrolyte Concentration 
Figure 3.8 shows a series of typical fuel cell polarization curves obtained with a device of 
the type shown schematically in Figure 3.1D, with the microelectrochemical channel network 
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consisting of 8 channels, 200 µm wide, 200 µm separation and 70 µm height. These data 
correspond to measurements made with oxygen flowing over the cathode in 0.5 M and 5 M 
H2SO4 electrolyte. The excess oxygen supplied to the cathodes eliminates the characteristic drop 
at high current densities resulting from mass transfer limitations; in these cases (Fig. 3.8) internal 
ohmic resistance causes the reduction in cell potential at higher current densities. The current 
densities and power output of the fuel cell are significantly higher when an electrolyte solution of 
higher ionic strength is used. For example, when operated in 0.5 M H2SO4, the fuel cell delivers a 
maximum power density of ~0.15 mW/cm2, as compared to an output power density that nearly 
doubles (0.27 mW/cm2) when an electrolyte of higher ionic strength is used (5 M H2SO4) (Fig 
3.8B). This behavior is consistent with the performance of a device limited by the internal ohmic 
resistance present in the region between the anode and the cathode. This shows that increasing 
electrolyte concentration can decrease internal resistance, and increase the maximum operating 
current of the device.  
   47 
 
 
 
Figure 3.8: (A) Polarization curves and (B) power density plots of the DFAFC obtained in 0.5 M and 5 M H2SO4 in oxygen 
atmosphere.  Polarization curves of the DFAFC measured in 5 M H2SO4 with oxygen supplied at the cathode (blue 
squares); 0.5 M H2SO4 with oxygen supplied at the cathode (red triangles). Closed symbols represent the forward scan, 
while open symbols represent the reverse scan. The channel system used was 70 µm x 200 µm x 200 µm x 1.2 mm (height x 
width x separation x thickness). The decreased slope of the cell operated with higher ionic strength indicates lower 
internal ohmic resistance. 
3.4.6. Using an Alternative Fuel Supply on an Optimized Cell 
To measure the operational stability of the optimized device, a 15 µm channel height and 
0.35 mm thick PDMS membrane was operated with a fuel supply as shown in Fig. 3.1D. The 
device was operated a under constant load of 39 kΩ, chosen for being the resistance at the 
maximum power density in Figure 3.6B. Figure 3.9A shows the output voltage of two cells 
operated with undiluted formic acid and with 25 % by vol. formic acid in 0.5 M H2SO4 solution. 
By decreasing the concentration of formic acid, the cell actually increases power output and 
stability as a result of less depolarization due to crossover. This suggests that a reduction in the 
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fuel concentration to the level that HCOOH diffusion and subsequent oxidation could match the 
operating current density of the cell. This would minimize crossover effects and maximize 
operating lifetime of the cell. 
 The effect of this crossover was studied by monitoring the potential of the cathode and 
anode vs. Ag/AgCl reference electrode during operation with the diluted fuel (Fig. 3.9B). The 
anode maintains nearly linear potential, whereas the cathode shows a sharp reduction in potential 
around 4 hours, assumed to be due to formic acid crossover. Figure 3.9C represents the voltage, 
current density, and power density of the device as a function of operating time with 25% by vol. 
dilution FA in 0.5 M H2SO4. As can be seen from these data, a slowly time varying power output 
of around 0.3 mW/cm2 is found over the course of a 4 hr operating cycle.  
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Figure 3.9: Operation of the DFAFC, 15 µm channel height, 0.35 mm PDMS membrane thickness, under a constant load 
of R = 39 kΩ in 0.5 M H2SO4 electrolyte.  The cell operated in an air-breathing mode.  The formic acid was supplied via a 
3 mm diameter pipe over the electrode.  (A) Operation of a cell with 100% FA solution in comparison with one of 25 % by 
vol. FA in 0.5 M H2SO4 shows that dilution can enhance potential output and operation time. (B) The anode and cathode 
potential vs. a Ag/AgCl ref. electrode during cell operation with 25 % FA solution. (C) Cell potential, current density and 
power density during cell operation with 25 % by vol. FA in H2SO4 solution. 
 
3.5. Concluding Remarks 
We summarize by noting that the fuel cell design described here can be adapted such as 
to enable its operation under significantly higher current conditions. The current electrode 
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configuration and acid concentration has been optimized for operation under air; with a 0.350 
mm thick PDMS membrane and 15 µm high channels, there is sufficient oxygen flux for the 
current output to be further increased by decreasing the internal ohmic resistance. Reductions in 
the internal ohmic resistance can easily be achieved by reducing the distance between the 
electrodes and by an increase in the electrolyte concentration. These modifications would require 
thinner PDMS membranes and lesser channel heights to enhance oxygen flux and the 
corresponding limiting current densities. The latter would be comprised of significantly smaller 
channels (from currently 15 × 20 µm down to <1 µm dimensions) or possibly nano-sized 
features in conjunction with ultra-thin membranes to facilitate mass transport. Currently the 
operational stability of the cell is limited by formic acid crossover, which we show can be 
partially mitigated by a reduction in the concentration of the formic acid supplied to the fuel 
reservoir. There remains a need to further improve anode capture of the formic acid to maximize 
the operational lifetime of the cell. 
We demonstrate that a suitably-designed, passive, microfluidic, DFAFC can be operated 
stably over ~18 hours without the incorporation of a reagent separator membrane. We have 
optimized the device’s form-factor for the sufficient oxygen permeation to the cathode in air-
breathing mode so that internal ohmic resistance causes the cell’s current limitation. Future 
investigations will be aimed at further optimization of the micro-DFAFC to produce higher 
output power by increasing electrolyte concentration and reducing the electrode separation 
distance; these decrease the internal cell resistance. Reduction in PDMS membrane thickness and 
channel height has been shown to easily increase oxygen flux. Long-term operational stability 
necessitates limiting the amount of fuel crossover to the cathode. This process can be suppressed 
by using a thinner membrane and an anode of a surface area sufficiently large to enable rapid 
capture of the HCOOH permeate before it reaches the cathode. Another approach may involve 
developing cathode electrocatalysts, ones that would be insensitive to the presence of formic 
acid.  
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4. In-Situ Electrochemical X-ray Absorption Spectroscopy of Oxygen Reduction 
Electrocatalysis with High Oxygen Flux 
The results presented in this chapter have previously been published with minor 
modifications.	   Adapted	   with	   permission	   from	   Erickson,	   E.	   M.;	   Thorum,	   M.	   S.;	   Vasić,	   R.;	  Marinković,	  N.	  S.;	  Frenkel,	  A.	  I.;	  Gewirth,	  A.	  A.;	  Nuzzo,	  R.	  G.,	  "In	  Situ	  Electrochemical	  X-­‐ray	  Absorption	  Spectroscopy	  of	  Oxygen	  Reduction	  Electrocatalysis	  with	  High	  Oxygen	  Flux."	   J.	  
Am.	  Chem.	  Soc.	  2012,	  134,	  197-­‐200.	  Copyright	  2012	  American	  Chemical	  Society.	  
4.1. Abstract 
An in-situ electrochemical X-ray absorption spectroscopy (XAS) cell has been fabricated 
that enables high oxygen flux to the working electrode (WE) by utilizing a thin 
poly(dimethylsiloxane) (PDMS) window. This cell design enables in-situ XAS investigations of 
the oxygen reduction reaction (ORR) at high operation current densities greater than 1 mA under 
oxygen purged environment. When used to study the ORR for a Pt on carbon electrocatalyst the 
data reveal a progressive evolution of the electronic structure of the metal clusters that is both 
potential and strongly current dependent. The trends establish a direct correlation to d-state 
occupancies that directly track the character of the Pt-O bonding present. 
4.2.  Introduction 
The slow kinetics of the oxygen reduction reaction (ORR) and large overpotential (~300 
mV) in fuel cell cathodes necessitate the use of high loadings of precious metal electrocatalysts 
for practical applications.1 The limited supply of Pt and its cost are impediments to widespread 
application of fuel cells and air-cathode batteries in automotive and stationary power 
implementations.2  The detailed mechanism of the ORR on Pt is still the subject of considerable 
effort, which makes catalyst design to eliminate the high ORR overpotential uncertain.1, 3 Most 
ORR mechanistic studies have focused on and usefully characterized adsorption intermediates, 
without monitoring the catalyst evolution specifically.4-8 Comparison of ORR turnover rates to a 
material’s electronic and physical characteristics results in “volcano plots” with highest activity 
centered around platinum and its alloys. 1, 9 This relationship between activity and d-band 
vacancies, catalyst-oxide bond lengths or strengths, follows from structure-property/ structure-
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rate correlations established by the application of the Sabatier principle of heterogeneous 
catalysis.1, 9 X-ray absorption spectroscopy (XAS) provides a direct means to explore such 
relationships; d-band occupancy and catalyst oxidation state may be empirically resolved from 
the X-ray absorption near-edge structure (XANES) region, while coordination number, metal-
metal bond distance, metal-oxide bond distance as well as their mean squared disorder may be 
derived from electron backscatter calculations in the extended X-ray absorption fine structure 
(EXAFS).10, 11 
In-situ XANES studies of Pt above established a potential dependence of d-band 
vacancies.12 Later, a similar increase in white line intensity of the Pt L3 edge was observed 
concomitant with potential for Pt binary alloys; mass transfer limitations of the cell design, 
however, precluded measurements at high operating rates. 13, 14  
Non-electrochemical studies of metal-adsorbate interactions have shown small changes in 
oxidant/reductant concentrations can strongly affect the surface and electronic structure of 
nanoparticles.15-20 Understanding the change in the Pt surface during the ORR over a broad 
operating iV range would considerably extend our knowledge of this important electrocatalytic 
process. Previously, XANES studies of the ORR in the electrochemical environment have not 
been able to investigate the effect of added O2 on the Pt structure. The reasons for this limitation 
originate in the in-situ electrochemical cell design, which limits electrolyte volume, reducing gas 
saturation of the electrolyte.10, 21-23 As the ORR proceeds, O2 is consumed and not easily replaced 
due to poor permeation through cell materials. One early in-situ study attempted ORR while 
measuring XAS, but poor O2 flux limited the studies to high potentials.23 Also the study did not 
include a comparison between O2 saturated and free environments. 23 
4.3. Cell Design 
In this report, we describe results from a new cell design which removes restrictions in O2 
supply to the electrode. High oxygen flux is supplied to the working electrode (WE), by using a 
thin poly(dimethylsiloxane) (PDMS) membrane for the window material.  PDMS is a polymer 
we have utilized extensively in micro-fuel cell designs due to its high permeability towards 
oxygen.24-28  
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4.3.1. XAS Cell Fabrication 
The cell design utilizes a PDMS pouch to contain the electrolyte and electrodes. The 
pouch is fabricated using conventional soft lithography.29 First a Si wafer (University Wafer) is 
cleaned by rinsing in acetone, isopropyl alcohol (IPA), and Milli-Q, 18.2 MΩ  cm resistivity 
deionized water (Millipore), then by placing in heated Nano-StripTM (Cyantek) solution for ~10 
min. The wafer is pre-baked for 5 min at 200 °C on a hotplate. After the wafer is cooled to room 
temp, a layer of SU-8 5 (Microchem) is spun-coat on at 1375 rpm for 30 s. A pre- exposure bake 
is performed at 120 ° C for 5 min, followed by exposure at 160 – 175 mJ cm-2 energy light. After 
a post-exposure bake at 120 °C for 5 min, the sample is developed in SU-8 Developer 
(Microchem) for ~ 1 min 24 s. The resultant patterned wafer (Fig. 4.1A) is rinsed with IPA and 
dried with N2. Once the patterned wafer is checked with a microscope, it is made hydrophobic by 
silanizing with (Tridecafluoro-1,1,2,2,-trihydroctyl) trichlorosilane (“No-stick”, Gelest) after 
exposing to UV-ozone (UVO) for ~ 3 min. This step allows a master to be used multiple times to 
make polydimethyl siloxane (PDMS) (Dow Corning Sylgard® 184) imprints (Fig. 4.1). 
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Figure 4.1:	  Fabrication of the PDMS membrane and sacrificial layer used for pocket assembly. (A) First an Si-wafer is 
patterned using photolithography. The wafer is treated with ozone and “No-stick” to form a hydrophobic master capable 
of producing many negative imprint replicas. (B) PDMS is spun onto this master to form a thin membrane, which is then 
treated with ozone and silanized before (C) pouring and polymerizing a bulk, sacrificial layer of PDMS over it. (D) 
Optical micrograph of the micropillared structure, with the scale bars = 150 µm. (E) Digital rendering of the micropillar 
arcade, 12 µm high, 30 µm diameter, and 150 µm center-to-center, in the form of a repeating equilateral triangle. 
The pouch is formed of two PDMS imprints made from the master depicted in Fig. 4.1. 
First, PDMS is spun coat onto the master at 1000 rpm for 30 s. The elastomer base/initiator mix 
is partially polymerized by heating for 30 min at 60 ° C, then the spin-coating process is repeated 
for a thicker membrane, followed by full curing for 2 hrs. (Fig 4.1B). Once the thin layer of 
PDMS is polymerized, it is exposed to UVO for 3 min, then silanized with “No-stick.” A bulk 
layer of PDMS, to be utilized as a sacrificial lay for facile handling of the thin membrane, is 
poured over the thin PDMS/ patterned wafer, and cured for 2 hrs at 60 °C (Fig 4.1C). After 
curing, a square is cut surrounding the patterned area with a razor blade, and is carefully 
removed by peeling the PDMS away from the wafer. The resultant PDMS with a pillared arcade 
is a negative replica of the patterned master (Fig. 4.1D).  
!
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The pattern was chosen make a pillared arcade with a minimized pillar width and height, 
while maximizing the distance between pillars; this necessitated obeying design rules to avoid 
pillar pairing and ceiling sagging.28 Optimization resulted in a PDMS arcade in a repeating 
pattern of equilateral triangles, the pillars with a 30 µm diameter, separated 150 µm from center 
to center. The microstrucured area was 2 cm by 2 cm. 
 
 
Figure 4.2: Fabrication of the PDMS pouch used for the XAS cell. (A) To form the pouch, two sides of microsctructured 
PDMS are cut off the master, treated with ozone, and permanently adhered by heating the sample under compression, 
around Nafion. (B) The microstructured PDMS is in the form of a hexagonal pillared arcade, pillars separated by d = 150 
µm, that prevents adhesion of the PDMS to the Nafion (C) The sacrificial bulk PDMS layers are carefully removed and 
(D) the top is cut with a razor blade to expose the internal pouch with two chambers separated by Nafion.  
Figure 4.2 is a brief schematic showing how the cell pouch is fabricated. Two PDMS 
membranes, microstructured by using soft lithographic techniques described above29 are adhered 
to each other around a Nafion membrane by using UV ozone treatment, followed by heating 
(Fig. 4.2A). The microstructure is a pillared arcade, used to prevent the adhesion of the PDMS to 
the Nafion membrane (Fig 4.2B). The sacrificial bulk layers are carefully peeled away (Fig. 
4.2C). The top of the adhered PDMS layers is cut away to make a pouch with two chambers 
separated by the Nafion membrane (Fig. 4.2D). This pouch is utilized to hold the electrolyte, 
with the WE and counter electrode (CE) separated by the Nafion membrane (Fig. 4.3A). A 
photograph of the thin pouch cell is shown in Figure 4.3B; the thin PDMS membrane provides 
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large oxygen flux to the WE. Teflon tubing is placed into each chamber of the cell to provide 
electrolyte. This Teflon tubing feeds out of the cell flow box to a syringe with the plungers 
removed, used to supply electrolyte and as reservoirs for the reference electrode. The flow box, 
used to control the gas environment, is pictured in Fig. 4.4. The flow cell allowed operation in 
gas environments of varied partial pressures, with a flow rate of 224 – 432 mL min-1 measured 
by rotameters (Matheson E200, glass bead).  The flow rate magnitude was heavily dependent on 
the quality of the Parafilm®- plugged holes used for wires and tubes exiting the flow cell; a 
bubbler confirmed positive pressure. 
 The cell is then held together with Teflon compression plates (Fig 4.3C). The plates are 
screwed into the flow box so that the X-ray windows on the cell and on the flow box align to 
allow transmission of the incident beam (I0).  
 
Figure 4.3: Figure 2. Assembly of the with compression plates. (A) The carbon paper counter electrode (CE) and carbon 
paper/Pt WE are added to pouch. (B) The PDMS pouch is very thin (~200 µm) and highly permeable to O2. (C) Teflon 
compression plates hold the pouch in place, with the whole assembly attached to the flow cell box (Fig. 4.4). Electrolyte is 
supplied by injection tubing (not pictured, also used as a reference electrode reservoir). 
   61 
 
 
 
Figure 4.4: Image of the gas flow box, with lines drawn of the incident light, I0, transmitted light, IT, and fluorescence, IF. 
4.3.2. Catalyst Preparation and Electrode Fabrication 
An airbrush was utilized deposit catalyst onto the WE prior to its insertion into the cell.30, 
31 The electrodes were made by airbrush (Iwata High Performance HP-B Plus, TCP Global) 
depositing 60 % Pt nanoparticles on Vulcan (E-tek) catalyst suspension, composed of 1 
catalyst/100 IPA mass ratio, with 4 µL 5 % NafionTM resin (510211, Sigma-Aldrich) per mg of 
catalyst.  The catalyst suspension was sprayed onto the carbon gas diffusion electrode (GDE) 
(Sigracet 35BC) with Ar gas, while the GDE was taped to a hotplate held at 65 °C. The tape 
defined the exposed surface area by blocking areas unwanted for catalyst deposition. Figure 4.5 
represents the TEM dark-field image of the nanoparticles, as well as the statistical size 
distribution calculated from the image.  
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Figure 4.5: 60 % Pt/C (E-tek) catalyst (A) TEM image of 60 % Pt/C (E-tek) catalyst and (B) corresponding size 
distribution, giving 3.01 +/- 0.99 nm, using 177 nanoparticles. 
The airbrush method generates some catalyst loss due to overspray. This actual loading 
was calculated using micro X-ray computer tomography (MicroCT) (Xradia MicroXCT-400). 
Figure 4.6 depicts a cross-section of the 3D image generated from the microCT of the electrode 
sample and standard pellet. In the corner is a pellet composed of 20 % Pt/C (E-tek), used as a 
standard for comparison with the electrode loading. The pellet contained a known mass of 
catalyst and by comparing the grayscale values averaged over the area of the two, divided by 
their thicknesses, catalyst loading may be approximated. While enough catalyst suspension was 
airbrushed to generate 2 mg Pt / cm2 electrode loading, the MicroCT calculations yielded 1.82 
mg Pt / cm2.  
!
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Figure 4.6: A MicroCT image used in calculating the catalyst overspray to yield 1.82 mg Pt/C.  
4.4. Electrochemical Performance of the Cell 
The electrochemical performance of the cell operating in different gas regimes is depicted 
in Figure 4.7. All potentials are referred to the normal hydrogen electrode (NHE), calibrated by 
flooding with the cell with H2 prior to experiments. Figure 4.7A shows cyclic voltammograms 
(CVs) of the cell in pure O2 and N2 purged environments. The CV obtained in the N2 
environment is consistent with that reported previously for Pt dispersed on a carbon support.32 In 
the presence of O2, onset of cathodic current associated with the ORR occurs at ca. 0.9 V and no 
limiting current density was observed, indicating that O2 depletion is not occurring.   
!
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Figure 4.7: (A) CVs of the electrode in N2 and O2 during operation of the in-situ electrochemical XAS cell, obtained in 0.1 
M HClO4, 5 mV/s. (B) Corresponding limiting current densities of the electrode under O2 and N2, taken from averages 
over the XAS acquisition times. Error bars are used to mark data points, with lines drawn as a guide. Both use 
electrochemical surface area for the current density calculation, calculated from the hydrogen underpotential deposition 
region. 
The cell utilized 0.1 M HClO4 as electrolyte, with a Ag/AgCl “No-leak” reference 
electrode (Cypress Systems/ESA). The “No-leak” property of the reference electrode prevented 
chloride adsorption to the platinum. A CH Instruments 600 B (Care of Stoyan Bliznakov, Kotaro 
Sasaki and the Adžić group), provided potentiostatic control, operating at 5 mV/s scan rate 
during cyclic voltammetry (CV); bulk electrolysis was performed for X-ray absorption 
spectroscopy (XAS) measurements, allowing for constant potential verse time curves. The high 
permeation of oxygen through PDMS allowed for high stable currents when operating in 
reducing regimes under O2, and low, stable currents under oxidizing regimes and in N2 (Fig. 4.8). 
The areas used to calculate current densities in Fig. 4.7 and Fig. 4.8 were based on the 
electrochemical surface area, calculated from the CV in Fig. 4.7A under nitrogen, using the 
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average between the anodic and cathodic scans, after subtracting the capacitive current, and 
using 0.210 mC cm-2 for the charge vs. area ratio, giving 85.3 cm2 of electrochemically active Pt.  
 
Figure 4.8: The operating currents of the cell in oxygen and in nitrogen. At voltages below the onset, (900 mV vs. NHE), 
high, stable currents are observed in a cell purged with oxygen, whereas when the cell was purged with nitrogen, very 
low, stable currents were observed. 
 The high permeation of oxygen through PDMS is further illustrated by 
monitoring the open circuit potential (OCP) of the cell while switching from nitrogen to oxygen 
gas environments (Fig. 4.9). The OCP can become nearly stable in a matter of seconds, although 
before all XAS measurements in the study the cell was allowed at least five minutes to reach 
steady state gas concentrations. This example operated with a different electrode and electrolyte; 
the WE was 0.5 mg cm-2 platinum black nanoparticles (Alfa) on C paper, in 0.5 M H2SO4 
electrolyte, using the same cell design as above.  
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Figure 4.9: The OCP of the cell switching from N2 to O2 gas feed. The WE was 0.5 mg cm-2 Pt black nanoparticles (Alfa) 
on C paper, in 0.5 M H2SO4 electrolyte, in the same cell design as above. 
 The cell flow box afforded high control of the gas partial pressures. Figure 4.10 
illustrates this control, with the partial pressures of oxygen and nitrogen controlled by a flow 
meter (Matheson E910 glass bead).  The cell in Fig. 4.10 utilized a 6.24 mg Pt cm-2 60 % Pt on 
Carbon black (E-tek), airbrushed onto Sigracet 35BC carbon paper (1.5 cm x 0.5 cm electrode 
area).  
 
Figure 4.10: A cell operating under a varied partial pressures of oxygen and nitrogen. (A) the CV of the 6.24 mg Pt cm-2 
electrode at 5 mV / s on Sigracet 35BC electrodes. (B) Corresponding limiting current densities of electrodes  held at 
varied potentials . 
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The cell resistance was examined using impedance spectroscopy, operating under 
nitrogen, from 0.01 to 100 Hz, in the double layer region. 
Z = (R2 +(ωC)-2)½ (4.1) 
By fitting Z, impedance, with versus angular frequency, ω, the resistance, R, and C, 
capacitance were found to be ~ 10 Ω and ~ 0.1 F, respectively (Eq. 4.1). This cell utilized a WE 
consisting of 5 % Pt on C (Vulcan XC-72), with 0.59 mg Pt / cm2 on carbon cloth (Fuel-cell 
earth) substrate. This electrode has a higher capacitance than the one used in XAS studies due to 
the higher carbon surface area, but the cell resistance was approximately the same as the one 
used for XAS measurements.  The capacitance, C, of the electrode used in the XAS study may be 
estimated by dividing magnitude of the current of the double layer, iDouble layer, by the scan rate, v  
in a CV, under nitrogen (Fig. 4.7). This gave a capacitance of ~0.028 F. 
C = iDouble layer /ν  (4.2) 
 
Figure 4.11: Impedance vs. frequency of a cell operating with 5 % Pt / Vulcan C, 0.59 mg Pt cm-2 (by MicroCT), carbon 
cloth (Fuel Cell Earth) WE, in the same cell design as above. The fit (Eq. 1) gave 0.1 F capacitance with 10 Ω resistance. 
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 The time constant, τ, used in calculating the polarization response of an electrode, 
is composed of a resistive and capacitive components (τ = RC ). The slope of the CV under N2 
observed in Fig. 4.7A is accounted for by this large capacitance due to the high surface area of 
the Pt and C support in the catalyst. 
4.5. XAS Results and Discussion 
In situ XAS measurements were performed at beamline X19A of the National 
Synchrotron Light Source (NSLS) at Brookhaven National Lab in Upton, NY. The ring was 
operated at 2.8 GeV and at currents between 150 and 300 mA. Energy scans were performed at 
room temperature in transmission mode around Pt L3-edge (11414- 12945 eV). The Si(111) 
double-crystal monochromator was detuned by 20%.  The spectra were calibrated in absolute 
energy with a Pt foil reference sample (the Pt L3 edge energy was assigned to 11564 eV at the 
first inflection point of the absorption peak), which was mounted between transmission and 
reference ion chambers.  The incident beam ionization chamber (I0) was filled with 100% N2, the 
transmitted beam chamber (It) was filled with 100% Ar, and the reference beam chamber (Iref) 
was filled with 100% Ar. Samples were mounted at a 45° angle relative to the beam direction for 
simultaneous collection of transmission and fluorescence spectra. The platinum signals in 
samples were measured with an Ar-filled, five-grid, Lytle detector. For the Lytle detector, a Zn 
filter and Soller slits were used to reduce Compton and elastic scatterings from the samples. 
EXAFS measurements were performed in the sample at different potentials under N2 or O2 gas 
flow. The extended X-ray absorption spectra were collected at the Pt L3 edge at a series of 
applied potentials (400, 600, 900, 1200 mV, versus NHE). 
The Athena program from the IFFEFIT software package3 was used to process the XAS 
data. Raw data processing was done by aligning the absorption coefficient data in absolute 
energy, normalizing to the edge step, and averaging to minimize the experimental errors for the 
steady-state regime. 
Before XAS measurements the cell was held for at least 5 minutes to reach a steady state; 
this time was longer for 1.2 V, where oxidation into the bulk occurs. The resultant stable currents 
are plotted in Fig. 4.8. The current densities were obtained from averaging the cell current during 
~35 minute XAS data acquisition period, with the errors determined by standard deviation (Fig. 
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4.7B).  The figure shows that stable ORR operation is obtained from ORR onset to at least 400 
mV. Acquisition potentials were chosen to be in the platinum oxide region (1.2 V), near the 
onset potential of the ORR (0.9 V), and in the double layer region where adventitious adsorption 
reactions do not compete with the ORR (0.6 V and 0.4 V).   
 
 
Figure 4.12: (A) Normalized XANES white lines at all potentials vs. NHE in oxygen and nitrogen presence.  
In Fig. 4.12, the normalized XANES white lines are plotted at each potential. These show 
a consistent increase in white line with potential, with all white lines under N2 lower than all 
white lines under O2. These XANES data were used to calculate the data in Figure 4.13 by 
subtracting the 400 mV in N2 data from each other white line.  
Pt L3-edge ΔXANES normalized absorbance spectra, µ(E), presented in Figure 4.13 show 
the potential and O2 effects on the white line. Fig. 4.13A shows plots of Δµ(E) = µV(E) – µV0(E), 
the difference between XANES at potential V and different atmospheres, and V0 =  400 mV 
under N2. The white line of the O2 exposed electrode (dashed lines) is more intense than that 
found with N2 exposure (solid lines) at all potentials.  
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The Pt L3 white line area is proportional to the density of unoccupied Pt d-states and, 
hence, can be used to estimate the charge on Pt.11 33, 34 Figure 4.13B represents the integrated 
area ΔA, of Δµ(E) for each potential and atmosphere. Assuming that at V0 = 400 mV and in a N2 
environment the metal is fully reduced (i.e. Z =0), the oxidation state at each potential, ZV, can be 
found from the following relationship: 
ΔA = CZV         (4.3) 
where C is a scaling coefficient.34 Although we cannot determine absolute oxidation 
states of Pt at different potentials (since the charge state of Pt at 1.2 V under O2 cannot be 
assumed fully oxidized35 and, hence, coefficient C cannot be obtained by interpolation between 
the two known oxidation state of Pt), we can quantitatively measure relative change of oxidation 
states using Eq. (4.3) and Fig. 4.13B at different potentials. 
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Figure 4.13: (A) Δµ-XANES difference plots of the electrode at varied potentials under O2 (dotted lines) and N2 (solid 
lines), calculated by subtracting the XANES values at 400 mV under N2 from each white line region. (B) The integrated 
values of 4.13A, vs. potential, directly related to oxidation state by Eq. 4.3.34 (C) The oxygen / nitrogen oxidation state 
ratio vs. potential, calculated from Eq. 4.4, versus potential. 
The three main reasons for increases in d-band vacancy and XANES data intensity are: a 
potential increase, electrochemical oxidation of the Pt, and O2 adsorption with subsequent 
electron donation from the Pt. Assuming the relationship in Eq. 4.3, at all potentials, the catalyst 
under oxygen has a higher oxidation state, suggesting adsorbed oxygen on the surface and 
resultant adsorbate-mediated electron density transfer. The difference in this oxidation state is 
roughly equal over all potentials except at 1200 mV, suggesting a constant adsorbed layer of 
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oxidative species below 900 mV. This is further confirmed by the lack of an observed limiting 
current density in Fig. 4.7; the high oxygen flux towards the working electrode through the 
PDMS window provides sufficient flux that the adsorbed layer of oxygen species does not 
diminish, at least in the level of electron density donated from the Pt d-band.  
It is interesting to note that even at 1200 mV, the sample under N2 has a lower oxidation 
state than under O2. The data shows that even at this high potential, where oxygen reduction does 
not occur, there is an effect from adsorbed oxygen. The effect that oxygen has at 1.2 V was 
explored in Fig. 4.14, showing that when the working electrode is held at 1.2 V, flooding the 
electrolyte with oxygen does not increase the area of the electrochemical Pt-oxide stripping peak 
once the system is nitrogen purged. In Fig. 4.14, first an electrode using the same catalyst as the 
working electrode for the XANES experiments was cycled in 0.1 M HClO4 from 1.2 to 0.05 vs 
NHE until a stable curve was obtained. Then the electrode was held at 1.2 V vs NHE for 1 hr. 
For the first curve (lighter, red) N2 was bubbled through the system during this time. For the 
second curve (darker, black) O2 was bubbled through for 50 minutes, then N2 for 10 minutes to 
remove oxygen from the solution. After each potentiostatic measurement, a CV at 10 mV/s was 
performed. The larger reduction peak between ~0.4 to 0.9 V was the first scan for both. In the 
two experiments, the oxide-stripping (~0.4 to 0.9 V) peak was approximately the same 
magnitude, showing that no electron transfer had occurred from flooding with oxygen. This 
suggests that the difference in Fig. 4.13 between N2 and O2 is predominantly due to physisorbed 
oxygen; if chemisorption occurs during oxygen flooding, a larger Pt- oxide reduction peak would 
have occurred. This suggests that although O2 adsorption is observed with the XANES 
measurements at 1.2 V, it is predominately through physisorption, otherwise a larger Pt- oxide 
reduction peak would occur in the CV after flooding with oxygen. This is sensible because the 
onset potential where oxygen reduction begins is much lower in potential, at 0.9 V. 
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Figure 4.14: Oxygen stripping experiments. First during both CVs, the electrode is cycled under N2 until a stable curve is 
observed. Then the electrode is held at 1.2 V vs NHE for 1 hr. During the first curve (lighter, red), the N2 is bubbled 
through the solution. In the second (darker, black) oxygen is bubbled for 50 min, then N2 for 10 minutes to remove excess 
oxygen. After the hour-long potentiostatic period, the electrode is cycled at 10 mV/s, showing the same CVs.  The catalyst 
was 60 % Pt/C E-tek on Sigracet 35BC carbon paper, in 0.1 M HClO4. 
There is an increase in the slope in Figure 4.13B for both N2 and O2 between 900 mV and 
1200 mV. This increase is likely due to oxidation into the bulk, resulting in a larger white line for 
both curves. The slopes however are not the same for both N2 and O2; the difference between 
oxidation states between oxygen and nitrogen decreases with increasing potential. The effect 
appears subtly over the whole potential range as white line stabilization under oxygen, resulting 
in a greater decrease in oxidation state under N2, 15 % larger over the whole potential range than 
that of O2. At 1200 mV, the oxidation state rises more dramatically under N2 than O2. This 
stabilization of the oxidation state under O2 could be due to three factors. First, at 1200 mV, the 
surface is electrochemically oxidized, eliminating a portion of sites available for oxygen 
adsorption and subsequent electron donation. Second, the transition from O2 reducing potentials 
between 400 – 900 mV to non-reducing potentials at 1200 mV also represents a transition from a 
predominately chemisorbed to predominately physisorbed state of oxygen, resulting in a lower-
than expected increase in the white line intensity. A third factor could be that a portion of the Pt-
oxide remains, even at lower potentials when exposed to O2. 
0.0 0.2 0.4 0.6 0.8 1.0 1.2
-0.004
-0.003
-0.002
-0.001
0.000
0.001
0.002
C
ur
re
nt
 / 
A
Potential vs. NHE / V
 50 min O2, 10 min N2
 60 min N2
   74 
 
 
According to the CV in Fig. 4.7A, the platinum should be fully reduced below 600 mV. 
The differences therefore below this potential in the white line are solely due to oxygen 
adsorption, with the reduction in white line in N2 due to the lowering of the electrochemical 
potential. At 600 mV however, the difference between N2 and O2 white line areas is less than 
that at 400 mV. This could represent an increasingly physisorbed presence of oxygen versus 
chemisorbed, which results in lower currents as observed in Fig. 4.7B. 
This diminishing difference between oxidation states with increased potential can be 
further illustrated by defining the ratio, R, between oxidation states at the same potential using 
Eq. 4.3: 
(ΔAO2)/(ΔAN2) = R                     (4.4) 
Fig. 4.13C shows that R decreases with increasing potential. This reduction in R further 
illustrates that the metal under O2 is more different from that under N2 when Pt is ORR active. 
The fact that R(V) appears to be linear suggests a smooth transition between the Pt surface with 
different oxygen activities.  
The white line XANES data show a clear distinction in the electronic structure of the Pt 
while reducing oxygen. Electronic differences are normally accompanied by physical differences 
(e.g. metal-metal bond length, coordination number and particle size). The error was too large in 
the EXAFS obtained from these data to unambiguously derive these physical differences. Our 
ongoing work focuses on improving the instrumental/data collection attributes that currently 
limit the S/N character of the EXAFS data. Further studies could utilize the high oxygen flux 
provided by the cell to focus on other metals to monitor physical and electronic trends in relation 
to reduction activity.  
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5. In-situ EXAFS Observed Platinum Bond Expansion During Electrochemical Oxygen 
Reduction 
This work is soon to be submitted with co-authors, Muhammed E. Oruc, Matthew W. 
Small, Diya Li, Anatoly I. Frenkel, Andrew A. Gewirth, and Ralph G. Nuzzo. 
5.1. Abstract 
Pt-Pt metal bond distances derived from in-situ electrochemical XAS measurements 
resolve a 0.17 (±0.08) % to 0.3 (±0.1) % expansion when exposed to O2 over a wide potential 
range (1.2 to 0.4 V vs NHE). The observed Pt-Pt ORR cathodic expansion is larger than the 
associated error at three different potentials in the double layer potential range, where no side 
reactions occur, plus at a potential where bulk Pt-oxide occurs (1.2 V). The representative 
particle size and shape was obtained from multiple scattering analysis to correspond to a 
truncated cuboctahedron. From this model particle, a maximum Pt-Pt ORR induced bond 
expansion is calculated, assuming monolayer surface expansion. The minimal expansion values 
are obtained from ensemble averaging, assuming isotropic expansion. As a result, the Pt-Pt bond 
expansion range is defined for future computational experiments. These data expand upon and 
reconfirm results obtained using larger nanoparticles that exhibited higher d-band vacancies of a 
Pt electrocatalyst, over the operating potential range, when exposed to O2. 
5.2.  Introduction 
The high cost of platinum group metal (PGM) electrocatalysts presents a major barrier 
for fuel cell commercial viability.1 The oxygen reduction reaction (ORR) requires the larger 
overpotential in hydrogen polymer electrolyte membrane (PEM), acidic electrolyte fuel cells.2, 3 
Increase in Pt mass activity through surface area enhancement has lowered overall catalyst cost 
considerably, but edge effects reduce ORR site-specific activity in PGM catalysts, resulting in a 
nanoparticle minimization limit of 3 - 4 nm.1, 3-7 While work in finding non-noble metal catalysts 
has lead to considerable success, PGMs remain the best at high efficiency, direct 4-electron 
pathway.8-10 Alloying techniques can further maximize active surface area through catalyst 
structure exposing a larger ratio of the more active Pt (111) plane and also modify the electronic 
character of the metal.10-17 This alteration of the electronic character of the metal has generated 
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volcano plots with highest catalytic activity balanced on related properties such as d-band 
vacancies, Pt-O bond strengths and distances, and O2 adsorption activation barriers.18-27 This d-
band model has been successfully applied to catalyst design.28, 29 These studies, both ab initio 
and experimental, have focused on the Pt-O bond, maintaining static Pt-Pt bond character during 
ORR.18-27 X-ray absorption spectroscopy (XAS) provides an experimental method for measuring 
these d-band model properties directly.30-35 Our previous work used XAS to determine that Pt 
catalyst does evolve when exposed to O2, exhibiting larger d-band vacancies than when under 
N2.36 In this study, we employed the extended X-ray absorption fine structure (EXAFS) region of 
the spectrum to determine further metal character evolution under O2 presence. 
X-ray absorption near-edge structure (XANES) focuses on the edge energy region where 
an inner core electron is promoted to the HOMO-LUMO band.31 The Pt L3 edge at ~11565 eV 
represents the transition of 2 p3/2 electrons to the 5 d3/2 and 5 d5/2 orbitals, in the HOMO-LUMO 
band.31 When a metal donates electron density to an adsorbed species, less electrons are present 
in these d orbitals, resulting in a larger XANES μ(E) white line intensity.30, 31, 37 The white line 
area has been shown to be approximately linearly related to the charge state of the aborber. 30, 31, 
37 
The oscillatory XAS signal beyond ca. 40 eV past the absorption edge, referred to as 
EXAFS, originates from ejection of a core electron from the X-ray absorbing atom and the 
interference of the outgoing and backscattered electron waves.34, 35 These fine structure 
oscillations can be fitted to a theoretical equation defining bond distances of the metal-metal and 
metal-adsorber pairs, their coordination number, as well as bond length disorder, σ2.34, 35 
In-situ electrochemical XAS (E-chem XAS) had been utilized for Pt and its alloys, 
showing an increase of the d-band vacancy with potential.21, 38-46 The only comparison of the 
metal surface under N2 and cathodic ORR currents however was limited to high potentials, due 
to poor O2 flux to the working electrode (WE)47,  until our recent work, revealing a d-band 
vacancy increase under an O2 environment.36 This increase in d-band vacancy due to O2 
adsorption occurred over the whole potential range (0.4 to 1.2 V vs. normal hydrogen electrode 
(NHE), vs. which all potentials are hereafter reported). Previous studies were limited to high 
potentials by cell design restrictions; X-ray attenuation constrained cell volume, and poor 
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window choice resulted in low O2 flux to the working electrode (WE).33, 38, 47 Unfortunately, in 
our previous study, any differences between EXAFS data were limited by the small changes 
inherent to a low surface-to-bulk ratio, and no difference in EXAFS derived parameters when 
transitioning between N2 and O2 could be resolved.36 In order to increase the signal-to-noise 
ratio, smaller particles for this work were utilized (vide infra).  
Recently, studies have used flow of O2 saturated electrolyte to supply O2 flux towards Pt 
working electrodes for E-chem XAS.48, 49 One of these studies utilized a conventional E-chem 
XAS cell;50 the cell design restricted flow rate to a degree that poor O2 flux to the working 
electrode resulted in similar XANES results for O2 and N2.48 Unfortunately, catalyst particle size 
distribution, cyclic voltammograms (CVs) and chronoamperometric results during XAS 
acquisition were unreported for this article.48 The study did agree with our conclusion that a 
weakly adsorbed O2 species occurs at high potentials, where Pt-oxide forms, supported by 
electrochemical quartz microbalance (ECQM) experiments.48 The other study generated 
considerable in-situ cathodic ORR current, but did not observe quantitative EXAFS differences 
between O2 and N2 sparged environments; XAS data went unreported.49 Potential dependent 
trends (gas environment independent), including an inverse relationship with coordination 
number and a direct relationship with Pt-Pt bond distance were observed.49 
5.3. Experimental Setup: XAS Cell, Working Electrode and Catalyst 
The XAS cell featured oxygen permeable PDMS windows as described previously.36 The 
cell enables continuous adjustment of the O2 partial pressure above the Pt catalyst during data 
acquisition while the ORR is occurring.  The flux of oxygen through the PDMS window 
maintained steady state ORR current at potentials where this reaction occurs. Electrochemical 
measurements were performed using a CH Instruments potentiostat. All potentials are referred 
versus the NHE, which was calibrated by exposing the Pt electrocatalyst to H2 prior to 
experiments.  
The Pt/C catalyst was prepared using the incipient wetness technique followed by heating 
under a H2 atmosphere. Briefly, (NH3)4Pt(OH)2 (Strem Chemicals, Inc.) was dissolved in a 0.1 
M solution of NH4OH (BDH Chemicals Ltd.) and mixed with enough carbon black (Cabot 
Corp.) to yield a 5% wt. loading of Pt. After allowing the solvent to evaporate, the impregnated 
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C was reduced in a tube furnace at room temperature with 100% H2 for 30 minutes. After this 
reduction step, the temperature was raised to and held at 300 ºC, for an additional one hour. 
Finally, the sample was cooled to room temperature under H2 and flushed with Ar for 10 minutes 
prior to removal from the furnace. An ethanol suspension of the Pt/C sample was dropcast onto a 
carbon coated, 200 mesh Cu grid (Ted Pella, Inc.) and characterized using a Jeol model 2010-F 
scanning transmission electron microscope (STEM). The particle distribution, by STEM was 
1.20 +/- 0.60 nm  (Fig. 5.1).  
 
Figure 5.1: (A) STEM micrograph of the nanoparticles used in the experiment, 5 % Pt on Vulcan XC-72. (B) The size 
distribution calculated from the STEM image, resulting in 1.20 nm +/- 0.60 nm. 
The catalyst deposition is described in section 4.3.2. Briefly a slurry of the electrocatalyst 
with Nafion binder (1 mg catalyst : 1000 mg IPA : 4 µL 5 % NafionTM resin (510211, Sigma-
Aldrich)) is sonicated for 1 hr. The catalyst suspension was airbrush deposited (Iwata High 
Performance Plus HP-B Plus, TCP Global) onto the carbon cloth electrode (CC6, Fuel Cell 
Earth) with high purity Ar carrier gas. The level of catalyst overspray was calculated utilizing X-
ray microtomography (MicroCT). The grayscale signal, S, is proportional to the total catalyst 
mass, m, divided by area, A: 
S ∝ m/A   (5.1) 
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The catalyst was loading was found to be 2.5 mg Pt cm-2, before and after XAS data 
acquisition. The standard utilized for MicroCT was a 1.3 cm diameter pellet containing 159.7 mg 
of 20 % Pt/C (E-tek) catalyst. The signal to loading ratios were utilized to calculate the amount 
Pt present in the sample, possible due to the much higher X-ray absorption by Pt than by C. The 
MicroCT image used for the loading calculation, prior to XAS acquisition, is presented in Fig. 
5.2. 
 
Figure 5.2: MicroCT image used for calculation of the electrode loading, before electrochemical testing and XAS data 
acquisition occurred. 
The XAS experiments were performed at the National Synchrotron Light Source at 
Brookhaven National Laboratory, beamline X18B. The beamline utilizes a Si (111) double-
crystal monochromator, which was detuned 25% to minimize higher harmonics. Experiments 
were done in transmission mode, using gas-filled ionization chambers for X-ray intensity 
measurements. Bulk Pt foil was positioned between the transmission and reference detectors and 
measured simultaneously with the electrochemical data for energy calibration and alignment. 
Typical acquisition times were 20 min per scan with a typical potential requiring 20 scans. Due 
to time constraints, only 4 XAS scans were performed at 1200 and 900 mV, which causes the 
   84 
 
 
larger errors at these potentials. EXAFS data were extracted from the raw absorption coefficient 
data using Autobk method51 that is implemented in the IFEFFIT data analysis package.52 The 
data were fit in R-space with FEFF6 theory using the first nearest neighbor (1NN) Pt-O and Pt-Pt 
contributions only. Since EXAFS cannot distinguish between O and C as the scattering atom, 
"Pt-O" refers to any pair of Pt and O or C as the 1NN. 
5.4.  EXAFS R-space and k-space results 
Figure 5.3 depicts the EXAFS data in R-space (k-space data are shown in Fig. 5.4), 
obtained with the sample held at a potential of 1200, 900, 600, 500 and 400 mV. The k-space 
range used in Fourier transform was from 2.8 to 16.4 Å-1, utilizing limits from the EXAFS fits 
that produced the smallest range. This is because R-space comparisons must use the same k-
space ranges when generating the R-space figures, and the maximum range that has high a S/N 
ratio is desirable. At each potential there is an increase in bond distance for the main Pt-Pt peak 
at ~2.6 Å (red to black, Fig. 5.3). Concomitant with the bond increase is a decrease in peak 
height, or metallic character. Potential dependent Pt-Pt bond length trends and d-band vacancy 
(or metallic character) trends are discussed in further sections. The one point where this trend 
does not occur is at 900 mV where the opposite occurs. This discrepancy is attributed to error; 
these data at 900 mV only averaged 4 total scans, compared to ~20 scans in the double layer 
region.  
The k-space k2 χ(k) data for the experiments are represented in Fig. 5.4. The data under 
O2 is marked in ligher colored red and under N2 is marked in a darker colored black. 
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Figure 5.3: Fourier transform magnitudes of k2-weighted EXAFS data under N2 (red dashed) and O2 (black solid) plotted 
around the main Pt-Pt nearest neighbor peak at five different potentials. Under cathodic current, bond expansion is 
observed, as well as a decrease in the peak height, indicative of a more oxidized Pt. k – space range of 2.8 to 16.4 Å-1 was 
used in the Fourier transform. 
2.00 2.25 2.50 2.75 3.00 3.25 3.50
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
χ|
R
| /
 Å
3
R / Å
 1200 mV O2
 1200 mV N2
2.00 2.25 2.50 2.75 3.00 3.25 3.50
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
χ|
R
| /
 Å
3
R / Å
 500 mV O2
 500 mV N2
2.00 2.25 2.50 2.75 3.00 3.25 3.50
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
χ|
R
| /
 Å
3
R / Å
 600 mV O2
 600 mV N2
2.00 2.25 2.50 2.75 3.00 3.25 3.50
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
χ|
R
| /
 Å
3
R / Å
 900 mV O2
 900 mV N2
(A)$ (B)$
(C)$ (D)$
2.00 2.25 2.50 2.75 3.00 3.25 3.50
-0.2
0.0
0.2
0.4
0.6
0.8
1.0
1.2
1.4
1.6
|χ
(R
)| 
/ Å
3
R / Å
 400 mV O2
 400 mV N2
!
!
(E)!
   86 
 
 
 
Figure 5.4: k-space data (O2 lighter red, N2 darker black) for the electrode at (A) 1200 mV, (B) 900 mV and (C) 600 mV 
(D) 500 mV and (E) 400 mV vs. NHE. 
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5.5. EXAFS Fits 
 
Figure 5.5: R-space data(lighter, red)  and fits (darker, blue). The windows used in the fit are represented with solid, dark 
black lines that form a rectangle around the main peaks. 
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Figure 5.5 (Continued). 
 
The data in Fig. 5.3 was fit to R-space using Artemis software. EXAFS data were 
extracted from the raw absorption coefficient data using Autobk method51 that is implemented in 
the IFEFFIT data analysis package.52 The data were fit in R-space with FEFF6 theory using the 
first nearest neighbor (1NN) Pt-O and Pt-Pt contributions only. Since EXAFS cannot distinguish 
between O and N as the scattering atom, "Pt-O" refers to any pair of Pt and O or C as the 1NN.  
Figure 5.5 represents the R-space data and corresponding fits. The k-space data and fits are 
presented in Fig. 5.6. 
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Figure 5.6: k-space data (lighter, red) and fits (darker, blue). Windows are represented by solid black lines surrounding 
the data. 
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Figure 5.6 (Continued). 
 
The k-space data (lighter, red) and fits (darker, blue) are presented in Fig. 5.6. The 
window ranges (black) were chosen to be the largest possible while limiting R-space peaks to 
real data, e.g. no new R-space peaks were introduced while increasing the k-space range. k-
weight was 2.   
The Pt-Pt bond distances obtained from EXAFS fits (Fig. 5.5 and 5.6) of the R-space data 
are plotted versus potential in Figure 5.7. The figure shows an increase in Pt-Pt bond distance, 
R , upon exposure to oxygen at all potentials.  Additionally, the figure shows that, while the Pt-
Pt distance under N2, R N2 , is relatively constant, the same distance increases at all potentials in 
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the O2-exposed case. Figure 5.7B shows the average bond expansion, Δ R .It is defined as  the 
average bond distance under N2, R N2 ,
subtracted from the average bond distance under O2, : 
Δ R = R O2 − R N2    (5.2) 
This definition takes into account the assumption that N2 environment does not cause 
bond relaxation and thus the bond length under N2 can be used as a reference for obtaining the 
bond expansion under O2. Figure 5.7B plots Δ R vs. potential. While the error bars overlap at 
every potential except 400 mV in Fig. 5.7A, propagation of uncertainty rules result in bond 
expansion with error bars terminating above zero for Δ R  (Fig. 5.7B). The error bars are 
reported by the IFEFFIT data analysis package (95 % confidence interval).53, 54 
 
 
 
Figure 5.7: (A) Pt-Pt bond distances under N2 and O2 at three potentials in the double layer region (400 mV, 500 mV and 
600 mV) and at the ORR onset potential (900 mV) and at an oxidizing potential (1200 mV). (B) Δ R at all potentials, 
showing a distinct expansion at all potentials upon exposure to O2, Eq. 5.2. 
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5.6. Modeling an Ideal Particle for Theoretical Calculations 
The measured bond length expansion is intrinsically averaged over all bonds sampled in 
EXAFS experiment. Those include the surface bonds (that are reasonable to consider more 
strongly disordered) and interior bonds (more weakly disordered). In order to estimate the 
surface contribution to the overall bond length expansion, we considered a model nanoparticle 
which size is consistent with the EXAFS derived coordination numbers and TEM-determined 
size as described below.  
In order to obtain the effective coordination number and thus particle size to estimate the 
surface contribution to the EXAFS we utilized a higher order fit to the data, following standard 
protocols.55, 56 Figures 5.3E and 5.4E depicts the R-space and k-space data, respectively, derived 
from the EXAFS measurements of the electrode operating at 400 mV under N2 flow. A multiple-
scattering fit of the data is represented in red (lightest color) in Fig. 5.8 and its results are 
tabulated in Table 5.1. The relevant fit results for modeling the particle size and shape are the 
coordination numbers ranging from the first coordination shell (N1) to the fifth (N5).  This data 
was compared against three models of the truncated cuboctahedron series to determine an 
average particle size.  Table 5.1 shows that the perfect truncated cuboctahedron most closely 
related to the experimental fit is the 1.1 nm, 37 atom particle (highlighted in red, Table 5.1 and 
depicted in Fig. 5.9).   This 1.1 nm diameter nanoparticle is comparable to the independent, 
STEM derived average of 1.2 ± 0.6 nm for the particles used in these measurements. (Fig. 5.1). 
 
 
 
 
 
 
 
   93 
 
 
 
 
Figure 5.8: (A) R space and (B) k - space plots of the data (darkest, black) at 400 mV, with a higher order shell fit 
(lightest, red), used to determine the average structure of the nanoparticles. Derived values are presented in Table 1.  The 
windows used for the fits are marked in darker blue surrounding the data. Fourier and fit parameters were a k-range of 
2.8 to 17.6 Å-1, and R-range of 1.4 to 6.3 Å. 
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Table 5.1: Coordination numbers from EXAFS derived data compared to three cuboctahedral models. The highlighted 
cuboctahedral model represents the closest model to the EXAFS derived data, and is used in further calculations to isolate 
expansion to the surface monolayer in the MMEM model. 
 
Figure 5.9: Depiction of the 37 atom, perfect truncated hemispherical cuboctahedran nanoparticle, closest to the derived 
data from the EXAFS results (Fig. 5.8, Table 5.1); this cuboctahedron model was used for calculating the maximum 
surface expansion. The static atoms in the maximum monolayer expansion model (MMEM) are represented in darkest 
blue, whereas the dynamic surface Pt atoms are represented in lightest green. This ideal particle has 37 atoms with 129 
total Pt-Pt bonds, of which 75 lengthen when the 15 surface atoms expand in the MMEM. 
XAS measurements produce ensemble averages of structural and electronic quantities, 
e.g., the change in bond distance reported by EXAFS is averaged over all bonds in the sample 
particle. Assuming a narrow size distribution, as confirmed by STEM, such averaging is 
equivalent to averaging over all bonds in a representative particle. Catalysis is a surface 
phenomenon, hence the bond expansion caused by adsorbates will affect predominantly surface 
bonds, although the subsurface bonds should be affected as well to a lesser degree. Therefore, the 
ensemble averaging done in EXAFS experiment is a lower estimate of the surface bond 
expansion value. The opposite extreme, considering that only the surface bonds expand, while 
 
 Total 
atoms 
N1 N2 N3 N4 N5 
Diameter/ 
nm 
Edge 
length / 
atoms 
 
High order fit n/a 6.7±0.4 3.1±1.5 12.3±4.7 4.7±1.4 0.66±0.21 1.2±0.6 n/a 
1  10 4.8 1.2 2.4 0.6 0.0 0.55 1 
2 37 7.0 2.4 7.1 3.2 4.2 1.1 2 
3 92 8.2 3.2 10.4 5.0 7.7 1.7 3 
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the interior bonds are fixed, will result in overestimating the surface bond expansion, because 
this assumption ignores the perturbation of subsurface atoms that will undoubtedly occur. We 
call the latter model the maximum monolayer expansion model (MMEM), described in greater 
detail below. 
5.7. The Maximum Monolayer Expansion Model (MMEM) 
Figures 5.9 and 5.10 shows the cuboctahedron model used in developing the MMEM, 
taken from the high order shell fit found in section 5.6.  In the MMEM, the basal plane atoms are 
coordinated with the carbon support, so are not considered surface atoms (lightest, green). The 
static atoms in the MMEM are represented in the darkest color, blue. The bond counts of the 
ideal truncated cuboctahedron represented in Fig. 5.9 are detailed in Fig. 5.10. There are 129 
total bonds (Ntotal) in this model, 75 of which involve at least one surface atom (Nsurface) and 54 of 
which involve only static atoms (Nstatic)(Fig. 5.10).  
The nanoparticle used for the MMEM (Eq. 5.3 – 5.6) contains 37 total atoms with 129 
total bonds (Fig. 5.9, Table 5.1). Atoms in Fig. 5.10 are indicated by large light green and dark 
blue circles, later designated as surface, expanding atoms (light green) and subsurface, static, 
non-expanding atoms (dark blue). The model 37 atom truncated cuboctahedral nanoparticle 
contains three rows of atoms; there are 6 atoms in the upper plane, 12 in the middle plane, and 19 
basal atoms. The atom positions above each plane are indicated by the red dots in the lower 
planes (Fig. 5.10).  
There are 129 total bonds in this model nanoparticle. Each atom in the upper plane has 
three bonds to the lower plane for a total of 54 interplane bonds. There are 9 in-plane bonds in 
the first layer, 24 bonds in middle plane and the basal plane contains 42 in-plane bonds. 
 For the MMEM (Eq. 5.3 – 5.6, vide infra), the expanding atoms are indicated in green 
(15 total), and the static atoms are blue (22 total) (Fig. 5.10). All bonds connected to expanding 
atoms will lengthen (75 dynamic bonds). Each expanding atom has 3 inter-plane bonds 
connecting it to the lower plane, totaling 45 bonds. The in-plane bonds that expand are indicated 
with lines (orange); the top plane contains 9 lengthening in-plane bonds, the middle 21 
lengthening in-plane bonds. 
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Figure 5.10:	  The 37 atom, perfect hemispherical, truncated cuboctahedron used in the MMEM. Surface atoms in the 
MMEM (Eq. 1 - 4). are in light green, whereas the bulk, static atoms are dark blue. Each expanding planar Pt-Pt bond is 
marked with orange solid lines. Each surface atom also has 3 expanding bonds to Pt atoms in the lower plane. Small red 
dots indicate where the Pt atoms in plane above are positioned. The truncated cuboctahedron used for the MMEM has 
129 total bonds with 75 surface bonds for the 15 surface atoms. 
For the ideal particle in Fig. 5.10, the average bond distance, R , is a combination of the 
total number of surface and static bonds, Nsurface and Nstatic as well as the average surface and 
static bond distances, R Surface and R Static . 
R =
R Surface
NSurface
∑ + R Static
NStatic
∑
Ntotal
          (5.3) 
For the purposes of this derivation, surface-surface and surface-static bonds are averaged 
due to the relatively small expansion observed experimentally. 
Under the MMEM model, O2 adsorption affects the surface only, so the summations 
involving static bonds under O2 and N2 are identical: 
R Static
NStatic
∑
"
#
$$
%
&
''
O2
= R Static
NStatic
∑
"
#
$$
%
&
''
N2
            (5.4) 
Combining Eq. 5.2 and 5.3 and examining both the O2 and N2 cases gives the difference 
between R N2 and R O2  
Top$Plane$
Middle$plane$
Basal$plane$
   97 
 
 
( R O2 − R N2 )NTotal =
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∑
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(
N2
         (5.5) 
By dividing by the total surface atoms, we can find the average bond expansion for 
surface atoms, simplified as:       
Δ R MMEM = ( R O2 − R N2 )
NTotal
NSurface
=
R Surface
NSurface
∑
$
%
&
&
'
(
)
)
O2
− R Surface
NSurface
∑
$
%
&
&
'
(
)
)
N2
NSurface
  (5.6) 
5.8. Pt-Pt Adsorbed Expansion Minima and Maxima 
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Figure 5.11: The minimum and maximum Pt-Pt expansion under O2 calculated from the ensemble measurement and 
MMEM model described in Eq. 5.3 – 5.6.  (A) Absolute distances, 
Δ R
, (Eq. 5.2)  and 
Δ R MMEM  (Eq. 5.6). (B) Percent 
expansion, 
100Δ R / R N2 .  
Figure 5.11 shows that the bond expansion values and error bars are greater than zero 
except for at 900 mV. Figure 5.11(B) represents the percent expansion in relation to the original 
bond distance under N2. Tabulated values from Fig. 5.11 are described in the Tables 5.2 – 5.5. 
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Table 5.2: Tabulated values from the EXAFS fits data, Figures 5.5 and 5.6 
Table 5.2 tabulates data derived from the EXAFS fits in Fig. 5.5 and 5.6. The changes of 
these values are tabulated in Table 5.3 and 5.4. 
 
Table 5.3: EXAFS derived data in N2 subtracted from data under O2 at the same potential. 
The bond expansion values presented in Figures 5.7 and 5.11 are tabulated in Table 5.4. 
The MMEM expansion values are calculated from Eq. 5.6 and the percent expansion of these 
values are given by the formula, 
100Δ R / R N2 .   
 
Table 5.4: Pt-Pt Bond Expansion Values Upon Exposure to O2. 
While potential dependent trends are difficult to elucidate from the large errors at each 
potential in Fig. 5.11, there is certainly an O2 induced expansion over the whole range, with a 
slight potential dependent trend occurring at higher ORR current densities. Since the Δ R
associated with the change in potential is much smaller than the contribution due to O2 
adsorption alone, averaging the expansion over the whole range can be performed, with error 
reduced in turn. This results in a much smaller average bond expansion error, d(ΔRAvg), due to 
rules of error propagation: 𝑑 𝛥𝑅𝐴𝑣𝑔 =    !! 𝑑(𝛥𝑅! ! + 𝑑(𝛥𝑅! ! +⋯    𝑑(𝛥𝑅! !     (5.7)  
N2# N# d(N)# N0# d(N0)# σ2# d(σ2)# σ20# d(σ20)# Pt+Pt# d(Pt+Pt)# Pt+O# d(Pt+O)#
400#mV# 6.28# 0.42# 0.25# 0.02# 0.00515# 0.00025# 0.0039# 0.0036# 2.7619# 0.0026# 2.0050# 0.0176#
500#mV# 6.29# 0.58# 0.34# 0.01# 0.00490# 0.00032# 0.0037# 0.0055# 2.7622# 0.0035# 1.9992# 0.0278#
600#mV# 6.46# 0.41# 0.19# 0.03# 0.00511# 0.00025# 0.0020# 0.0025# 2.7607# 0.0025# 2.0188# 0.0145#
900#mV# 6.60# 0.66# 0.29# 0.01# 0.00567# 0.00041# 0.0025# 0.0036# 2.7618# 0.0042# 2.0009# 0.0204#
1200#mV# 6.23# 0.59# 0.29# 0.01# 0.00510# 0.00036# 0.0024# 0.0033# 2.7608# 0.0037# 2.0027# 0.0192#
O2# N# d(N)# N0# d(N0)# σ2# d(σ2)# σ20# d(σ20)# Pt+Pt# d(Pt+Pt)# Pt+O# d(Pt+O)#
400#mV# 5.92# 0.47# 1.17# 0.45# 0.00498# 0.00029# 0.0062# 0.0046# 2.7683# 0.0031# 2.0075# 0.0170#
500#mV# 5.77# 0.44# 0.89# 0.26# 0.00475# 0.00028# 0.0032# 0.0026# 2.7669# 0.0029# 2.0122# 0.0143#
600#mV# 6.28# 0.48# 0.63# 0.18# 0.00522# 0.00030# 0.0000# 0.0015# 2.7649# 0.0030# 2.0078# 0.0107#
900#mV# 6.18# 0.60# 0.73# 0.21# 0.00523# 0.00038# 0.0000# 0.0015# 2.7648# 0.0039# 2.0187# 0.0118#
1200#mV# 5.73# 0.44# 0.68# 0.17# 0.00478# 0.00028# 0.0000# 0.0013# 2.7656# 0.0028# 2.0009# 0.0097#
! ΔN! d(ΔN)! Δσ2! d(Δσ2)! ΔN0! d(ΔN0)! Δσ20! d(Δσ20)!
400!mV! -0.36! 0.63! -0.00018! 0.00038! 0.48! 0.51! 0.0023! 0.0058!
500!mV! -0.52! 0.73! -0.00016! 0.00042! 0.29! 0.43! -0.0005! 0.0061!
600!mV! -0.18! 0.63! 0.00011! 0.00039! 0.02! 0.26! -0.0020! 0.0029!
900!mV! -0.42! 0.89! -0.00044! 0.00056! 0.04! 0.35! -0.0025! 0.0039!
1200!mV! -0.50! 0.73! -0.00032! 0.00045! -0.03! 0.33! -0.0024! 0.0036!
! ΔR(Pt'Pt)! d(ΔR(Pt'Pt))! ΔR(Pt'O)! d(ΔR(Pt'O))! MMEM!(ΔR(Pt'Pt))!MMEM!d((ΔR(Pt'Pt))! R(Pt'Pt)!%!Exp! d(R(Pt'Pt)!%!Exp)! MMEM!%Exp! d(MMEM!%Exp)!
400!mV! 0.0064! 0.0041! 0.0026! 0.0244! 0.0110! 0.0063! 0.232! 0.148! 0.398! 0.228!
500!mV! 0.0047! 0.0045! 0.0129! 0.0312! 0.0081! 0.0066! 0.170! 0.164! 0.292! 0.238!
600!mV! 0.0042! 0.0040! '0.0111! 0.0181! 0.0073! 0.0061! 0.154! 0.143! 0.264! 0.220!
900!mV! 0.0031! 0.0057! 0.0178! 0.0236! 0.0053! 0.0085! 0.112! 0.208! 0.192! 0.306!
1200!mV! 0.0047! 0.0046! '0.0018! 0.0215! 0.0082! 0.0066! 0.172! 0.167! 0.296! 0.239!
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 This results in a range of 0.005 (±0.002) Å for the ensemble measurement to 0.008 
(±0.003) Å for the maximum expansion by the MMEM model (Eq. 5.6). These data correspond 
to a 0.17 (±0.08) % to 0.3 (±0.1) percent expansion over the bonds in N2. These averaged values 
are tabulated in Table 5.5.  
 
Table 5.5: R(Pt-Pt) expansion values averaged over the whole potential range. 
5.9. XANES Data 
XANES μ(E) intensity data for the L3 edge are shown in Fig. 5.12. Figure 5.12A 
provides the µ(E) L3-edge XANES data, showing that at all potentials, the adsorption from 
oxygen increases the d-band vacancy, as detailed in chapter 4. Figure 5.12B gives the Δµ(E) L3-
edge XANES data, centered around 11565 eV, normalized by subtracting the data at 400 mV 
under N2, as described previously.36 The data here show that the XANES white line intensity 
increases with potential, and that the XANES white line intensites under O2 are all greater than 
those under N2, as shown in Ch. 4. With the much reduced particle size used here, however, the 
Δµ(E) white line intensity for O2 changes little over the whole potential range (vide infra). As 
discussed in Ch. 4, the XANES white line intensity increase is indicative of electron density 
removed from the d-band, due to potential increase, adsorption of O2 or formation of Pt-oxide. 
The change in area under Δµ(E) in Fig. 5.12B, ΔA, has been shown to be approximately linearly 
related to change in average oxidation state, Z, of the Pt, at potential v, by constant C:31 
ΔA = C ZV   (5.8) 
Adsorption results in only partial electron donation; full oxidation state changes only 
occur with bond formation such as Pt-oxide formation, so increases in the ΔA are associated with 
increased d-band vacancy. This integrated area, ΔA, is represented in Fig. 5.12(C). The trend 
follows the previous data, with concomitant rise in oxidation state with potential. The data point 
at 400 mV is slightly higher in oxidation state than the other two points in the double layer 
region at 500 and 600 mV. This is likely due to pre-adsoprtion of H2O before hydrogen- 
underpotential deposition (H-UPD) occurs. This case is further examined in section 5.12, 
compared against XANES data from our previous study, detailed in chapter 4. 
ΔR(Pt&Pt)( d(ΔR(Pt&Pt))(MMEM((ΔR(Pt&Pt)( MMEM(d((ΔR(Pt&Pt))( R(Pt&Pt)(%(Exp( d(R(Pt&Pt)(%(Exp)( MMEM(%Exp( d(MMEM(%Exp)(
0.0046( 0.0021( 0.0080( 0.0031( 0.168( 0.075( 0.288( 0.111(
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Figure 5.12: (A) XANES µ(E) intensity data from XAS experiments in N2 (dotted lines) and O2 (solid lines) (B)  ΔXANES 
µ(E) intensity data by subtraction of the data at 400 mV under N2 in (A) from every other curve, as performed with 
previous study. (C) Integrated values from (B). 
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5.10. Electrochemical Performance of the Cell During Data Acquisition 
 
Figure 5.13: Electrochemical behavior of the cell. (A) The CV of the electrode at 50 mV/s, characteristic of low Pt loading 
(5 % Pt/C) in acidic electrolyte. The current under oxygen is considerable, indicative of ORR, compared to the light red 
current under nitrogen. (B) The operational current densities at varied potentials (dotted, under O2, solid, under N2. (C) 
Averaged limiting current densities over 30 minutes of acquisition time (error bars = 1 std. dev.) 
Figure 5.13 depicts the electrochemical behavior of the cell. A CV of the electrode at 50 
mV/s is depicted in Fig. 5.13A. The cell has low Pt loading (~5 % wt Pt/C), so the main CV 
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peaks under N2 are lacking; the charging current obfuscates the under-potential deposition (H-
UPD) region observed with larger loading electrodes. The main Pt-oxide reduction peak is 
observed and when the electrode is exposed to O2 the large cathodic ORR current associated 
with Pt is evident.  
The electrochemical behavior of the electrode during XAS data acquisition is depicted in 
Fig. 5.13B & 5.13C. Chronoamperometric data from Fig. 5.13B shows that steady-state current 
conditions occur shortly after potential is applied, resulting in very small standard deviations of 
the current at each potential presented in Fig 5.13C. The geometric area was 0.46 cm2. 
Electrochemical surface area was not calculated from the CV in Fig. 5.13A due to the large 
charging current contribution. 
5.11. The Electrode After Data Acquisition: MicroCT and STEM 
The MicroCT image of the electrode after XAS data acquisition, with the same standard 
used previously, is depicted in Fig. 5.14. The loading calculated using Eq. 5.1 is the same as 
before XAS acquisition (2.5 mg Pt/cm2). 
 
Figure 5.14: MicroCT image of the electrode, after XAS data acquisition, above a standard pellet used to calculate a 
loading by comparison of Pt content (vide supra). 
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Figure 5.15: (A). STEM micrograph of the nanoparticles used in the experiment, 5 % Pt on Vulcan XC-72, after XAS 
data acquisition. (B) The size distribution calculated from the STEM image, resulting in 1.23 +/- 0.37 nm. 
The STEM micrograph of the electrocatalyst after XAS data acquisition is represented in 
Fig. 5.15A. The corresponding size distribution plot is represented in Fig. 5.15B. Particle 
ripening is null or minimal; the particle size after acquisition is 1.23 +/- 0.37 nm vs. 1.20 +/- 0.60 
nm before data acquisition (Fig. 5.1). 
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5.12. Pre-adsorbtion of H2O on Platinum 
5.12.1. Comparison of Integrated ΔXANES Data to Data from Ch. 4 
 
Figure 5.16: Integrated values from Fig. 5.12C (dotted lines) plotted against 3.0 nm particle data from a previous study 
(solid lines), Fig. 4.13B. Data was published with permission from the American Chemical Society. 
The integrated Δµ(E) L3-edge XANES data from Fig. 5.12C is reproduced in Fig. 5.14 
(dashed lines), with XANES data from Fig. 4.13B, which utilized a larger 3.0 +/- 1.0 nm 
electrocatalyst (solid lines).  Fig. 5.14 further illustrates how the trend seen from previous 
experiments is repeated, but with a much smaller magnitude. This smaller change in d-band 
vacancy is due to the much smaller particle size, removing much of the possible contribution 
from bulk oxide formation. The small increase between 400 and 500 mV in the 1.2 nm particle 
Δµ(E) data is likely due to precoordination of H2O (vide infra). 
The nearly constant Pt d-band vacancy observed in Fig.’s 5.12C and 5.16 was unobserved 
in our previous study in chapter 4., due to bulk effects of the much larger particle size used in 
Ch. 4.36 Like the bond expansion, Δ R  (Eq. 5.1), the largest difference between O2 and N2 
integrated Δµ(E) L3-edge XANES data (Fig. 5.12C) occurs at cathodic ORR potentials; unlike 
the Pt-Pt bond distances, R , (Fig. 5.11), the O2 integrated Δµ(E) L3-edge XANES data is more 
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stable than for N2. This implys that while the Pt-Pt bond distance is related to the d-band vacancy 
of the metal, it is not a direct relationship. 
5.12.2. Comparison of R-space data at Potentials in the Double Layer 
 
Figure 5.17: R-space data from Fig. 5.3, plotted together for height comparison around the main Pt-Pt nearest neighbor 
peak at ~2.6 A, at 600 mV, 500 mV, and 400 mV. A decrease of the main peak height at is indicative of less metallic 
catalyst character or higher d-band vacancy. The χ|R| main peak height agrees with the XANES µ(E) intensity data trend 
showing d-band vacancy at 500 mV < 600 mV < 400 mV. The catalyst held at 400 mV has the highest d-band vacancy 
likely due to pre-coordination of H2O before H-UPD formation. 
Figure 5.17 represents the overlaid R-space data from Fig. 5.3. The data indicates again 
that the main Pt-Pt peak increases under cathodic ORR current (solid lines).  In all cases, the 
peak height under N2 (dotted lines) decreases when exposed to ORR cathodic current (solid 
lines). A lower main Pt-Pt peak is indicative of a less metallic state. The order of metallic 
character agrees with the trend observed from XANES µ(E) intensity data derived d-band 
vacancies (Fig. 5.12),  where the data at 400 mV has a larger d-band vacancy than both 600 mV 
and 500 mV, differing from the potential dependent trends previously observed, where a 
decrease in potential increases electron density of the d-band. Agreement between XANES and 
EXAFS data in the order of catalyst metallic character in this study suggests that the increase in 
d-band vacancy between 500 and 400 mV is not due to statistical error, but is the result of the 
electronic character of the catalyst.  
The increase in the oxidation state of the catalyst between 500 and 400 mV vs. NHE is 
concomitant with a decrease in the R-space main Pt-Pt peak from the EXAFS data (Fig. 5.17). A 
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decrease in this main EXAFS peak implies a decrease in the“metallic” character of the metal, 
agreeing with the XANES data (Fig. 5.16). This suggests that, while the increase in d-band 
vacancy between 500 to 400 mV is small (Fig. 5.16), the change is not a result of experimental 
error. The small increase in d-band vacancy of the smaller particles between 500 and 400 mV 
also occurs in both N2 and O2 atmospheres (Fig. 5.12); therefore it cannot be due to mass transfer 
limitations, as CV data also supports (Fig. 5.13). To refute the case of particle size ripening, 
Figure 5.15 shows that minimal particle size changes occur. This fact is supported by the timing 
of XAS acquisition experiments, in which most of the data at 400 mV was acquired first, with a 
portion acquired after all other data was acquired, producing the same results. Eliminating 
experimental error, particle ripening and reduction in O2 coverage of the Pt surface as possible 
causes, only underpotential surface formation of hydrogen remains as a possible cause, or a pre-
coordination of water molecules before Pt-H formation. CV data (Fig. 5.13A) show that 
electrochemical reduction associated with H-UPD at 400 mV is obscured by charging current 
due to the large surface area of the electrode (5 % Pt/C). At 400 mV, H-UPD does not normally 
occur. Lack of H-UPD as causation of the d-band vacancy increase between 500 mV and 400 
mV (Fig. 5.16), suggests pre-coordination of H2O occurs before H-UPD, supporting the fluidity 
of electron transfer before bond formation. This non-bonding electron donation is supported by 
countless examples of intermolecular non-bonding electron density transfer, as well as our 
previous study—electron donation occurs due to O2 adsorption on Pt, even at 1200 mV vs. NHE, 
when Pt nanoparticles are oxidized into the bulk, and no ORR current occurs.36 The reason this 
increase in d-band vacancy is not observed in the larger nanoparticles is due to a larger bulk in 
which the electronic effects of the potential change predominate (Fig. 5.16). 
5.13. Conclusions 
Adsorbate induced surface relaxation is a commonly observed phenomena, with lattice 
constant changes ranging up to tenths of Ångströms for Pt.57-63 Platinum’s surface lattice 
constant has been shown to be linearly related to the energy of the d-band center.64 As the lattice 
expands, the d-band contracts, raising the energy of electrons near the Fermi level that can be 
donated to adsorbates.64 This increase in electron density at or near the Fermi level increases the 
stability of O2 and O adsorbates.64 At the same time, the unoccupied orbitals directly above the 
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Fermi level are lowered in energy, reducing anti-bonding repulsion present in O adsorption.64 
This is likely why the lattice expansion measured for Pt is larger at higher current densities, 
where more transient Pt-O will be present. The d-band occupancy under O2 described in Fig. 
5.12 is fairly constant over all potentials, further proof that O2 adsorption is not the limiting 
factor for ORR current. 
This work shows adsorbed O2 results in electron donation from the Pt electrocatalyst to 
the O2 and Pt-Pt bond expansion over a wide potential range, including those associated with 
non-reducing conditions. This bond expansion increases with higher ORR currents, indicative of 
d-band compression resulting in the stabilization of adsorbed atomic O antibonding orbitals. Our 
observation of oxygen induced Pt-Pt bond expanision provides additional input for 
computational studies examining the dynamic Pt-Pt bond during the ORR.  Future work may 
examine the effect of alloys on this dynamicism.   
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